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X-ray binaries are composed of a central compact object (a white dwarf, a black hole
or a neutron star) and a companion star (a normal star). The compact object and the
companion star rotate around a common center of mass and, under certain condition,
matter accretes from the companion star onto the compact object.
X-ray binaries are very luminous in the sky; they are powered by the gravitational
potential energy released by the in-falling matter onto the compact object, a process
that is at least one order of magnitude more efficient than the nuclear reaction process in
normal stars. X-ray binaries can be classified into two main types according to the mass
of the companion star: low-mass X-ray binaries (LMXBs) and high-mass X-ray binaries
(HMXBs).
A low-mass X-ray binary usually contains a companion star with a mass less than 1
M. The companion star can be a main sequence star, a white dwarf or a red giant. In
LMXBs the companion star transfers its matter to the compact object via an accretion
disc. A high-mass X-ray binary has a massive companion (with a mass of the order
of 10 M or larger), typically an early type star (an O type or B type star, or a blue
supergiant). Matter in HMXBs is typically transferred from the companion star to the
compact object via a stellar wind.
In LMXBs, matter from the out layer of the companion star is stripped off and
accreted onto the surface of the compact object by strong gravitational force. The normal
star fills its Roche lobe and the gas from this star falls onto the compact object via the
first Lagrangian point. During this process, the in-falling matter carries orbital angular
momentum and, as it falls, it forms a ring around the compact object. Viscosity of the
accreting gas leads to a transport of angular momentum outwards as the matter moves
inwards. In General Relativity the innermost point at which matter can orbit stably in
the accretion disc defines the so-called the innermost stable circular orbit (ISCO; Shakura
& Sunyaev 1973), across which the gravitational force is strong enough to pull the matter
onto the surface of the compact object. If the ISCO is outside the compact object (as is
the case in a black hole), an accretion disc can cover the region between the ISCO and
the first Lagrangian point.
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Figure 1.1: Artist’s conception of a low-mass X-ray binary. Matter is transferred
from the companion star (right) to the compact object (left) through an accretion disc.
This plot was taken from http://luiscalcada.scienceoffice.org/illustration/
binary-blackhole/.
In the accretion disc, friction and viscosity convert the kinetic energy of the in-falling
matter into radiation, which is mainly radiated in the X-ray band. The main region
which generates radiation in the disc is the part closest to the central object, with the
temperature of that region reaching up to several millions degrees. The temperature
gradually decreases outwards in the accretion disc, as a consequence, assuming that the
material in the accretion is optically thick, the emission from the accretion disc is the
sum of many single temperature blackbody components coming from different parts of
the disc (Mitsuda et al. 1984; Makishima et al. 1986). These photons from the accretion
disc typically cover the soft X-ray band in the energy spectrum.
In neutron-star LMXBs the neutron-star surface and its boundary layer also generate
thermal radiation in the soft X-ray band. The boundary layer is the place where the
in-falling matter decelerates from its orbital velocity in the accretion disc to the rotation
velocity of the neutron-star surface. The emission from the neutron-star surface and the
boundary layer is typically described by a single temperature blackbody component.
Source photons up to several 100 keV in the energy spectrum of a LMXB mainly
come from a component called corona, which may surround the compact object and the
inner part of the accretion disc. The corona consists of high-energetic electrons with
temperatures up to several hundreds of keV. The soft photons from the accretion disc
are inversely Compton scattered by these hot electrons in the corona and, as a result,
high-energy photons are produced and emitted at high energies. This scenario is able to
explain the high-energy component required in the observed energy spectra; however, the
final power-law like component from the corona is sensitive to the geometric properties
of the corona, which are still poorly understood. For instance, if the corona is very close
to the neutron star in a neutron-star LMXB, the thermal photons from the neutron-star
surface can also be scattered off by hot electrons in the corona and then contribute to
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the emission in the high energy band.
In LMXBs, some photons emitted from the corona illuminate the material on the
top layers of the disc. These photons are reflected off the disc and produce the so-
called reflection component. During this process, some of these photons are absorbed
and reprocessed by the disc and, as a result, some absorption and emission line features
appear in the reflection spectrum. Among these features, the most significant one is
the iron fluorescent emission line in the energy range 6.4 - 6.97 keV, due to the high
iron abundance and its large fluorescent yield. An iron fluorescent emission line has
been detected in many LMXBs, providing a key tool to investigate some properties of
the system. The initial iron emission line is very narrow, with its width being of the
order of ∼1 eV (Basko 1978). Since the line originates in a region in the disc very close
to the central compact object, the Doppler shift due to the rotation of the disc, and
special and general relativistic effects due to the strong gravitational field around the
compact object, make the iron line very broad and asymmetric. The profile of the iron
emission line depends on the strength of the general relativistic effects: The iron line
becomes broader and extends towards the red part of the spectrum when the accretion
disc moves closer to the central compact object (Fabian et al. 1989). This provides a way
to measure the ISCO in the system by measuring the iron line profile. Furthermore, in
a black hole LMXB, assuming that the inner part of the accretion disc extends down to
the ISCO, we can estimate the spin parameter of the black hole from the iron line profile
(see e.g., Miller 2007; Reynolds & Fabian 2008). For a neutron-star LMXB, we can use
the iron line to derive the upper limit of the neutron star radius (see e.g., Bhattacharyya
& Strohmayer 2007; Cackett et al. 2008), since the radius of the neutron-star can never
be larger than the radius of the disc, which can be measured from the iron line.
Apart from the iron fluorescent emission line, the continuum of the reflection compo-
nent is also sensitive to general relativistic effects around the compact object. Therefore,
the shape of the whole reflection spectrum provides information about the inner radius
and the ionisation stage of the accretion disc.
1.1.1 Nuclear burning on the neutron-star surface
During the accreting process in neutron-star LMXBs, accreted matter falls onto, and
burns on, the surface of the neutron star. There are two typical types of nuclear burning
on the neutron-star surface: stable and unstable burning. Stable nuclear burning heats
the star so that the surface emits thermally, while unstable burning is detected as type I
X-ray bursts in light curves of these systems. Type I X-ray bursts originate from nuclear
reactions of hydrogen and helium on the neutron star surface. During a type I X-ray
burst, the flux from the source increases by a factor of 10 to 100 within 1 s or less, and
then it decreases exponentially until it return back to the flux level before the burst (e.g.,
Lewin et al. 1993; Strohmayer & Bildsten 2003; Galloway et al. 2008). Observationally,
type I X-ray bursts show a variety of profiles with single, double or multiple peaks. The
shape of the profile in the burst rising phase can be classified into two types according to
a parameter called convexity, C, which quantifies whether the light-curve rise is convex
(C>0) or concave (C<0). Recent theoretical work (Maurer & Watts 2008; Mahmoodifar
& Strohmayer 2015) suggests that the convexity of type I X-ray bursts is related to the
latitude of the region on the neutron-star surface where bursts ignite.
In the last decade a new observational phenomenon connected to the nuclear burning
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Figure 1.2: An example of a convex burst (a) and a concave burst (b). This plot was
taken from the Figure 6 in Zhang et al. (2016), the top panels show profiles of two bursts,
with the part selected for convexity calculation marked in red. The bottom panels show
the re-normalised two profiles of selected data. The convexity is integrated area above or
below the green dashed line in the plot. The areas above the line is taken to be positive
and areas below the line negative.
on the neutron-star surface has been discovered. Revnivtsev et al. (2001) reported the
first detection of quasi-periodic oscillations (QPOs) in the millihertz (mHz) frequency
range in three neutron-star LMXBs. This type of QPOs appear only when the luminosity
of the source is within a specific range, and the QPO is significant in the low energy band,
<5 keV (e.g., Revnivtsev et al. 2001; Altamirano et al. 2008). Both observational and
theoretical evidence indicates that the mHz QPOs are due to marginally stable nuclear
burning on the neutron-star surface, which is a transitional regime between the stable
and unstable nuclear burning regimes. Current mHz QPO models (Heger et al. 2007;
Keek et al. 2009) are able to explain most of the observed mHz QPO features, except the
relatively low accretion rate at which mHz QPOs occur. The accretion rate required for
generating the mHz QPOs predicted by the models is close to Eddington rate, one order
of the magnitude higher than the values deduced from the observed luminosity. One
possible explanation to bridge this discrepancy between observations and models is that
the local accretion rate of the burning layer where the mHz QPOs originate is higher
than the average global rate (Heger et al. 2007; Altamirano et al. 2008). Nevertheless,
so far this scenario has not yet been confirmed observationally.
1.1.2 Spectral and timing techniques used to study the proper-
ties of LMXBs
The emission from LMXBs normally cover a wide energy range, from radio to the gamma-
ray band. Photons originating from a LMXB provide plenty of useful information about
the physical process happening in the system. In the X-ray band it is impossible to dig
this information directly from the images observed by telescopes due to the relatively low
resolution of the current telescopes and the average distance to these objects. On the
other hand, spectroscopic and timing analysis help us to study the physical mechanisms
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inside the LMXBs. Therefore here I give a brief view of the spectral and timing analysis.
In LMXBs different emitting regions (e.g., accretion disc, corona) generate radiation
components via different radiation mechanisms. These radiation components combined
with each other to form the whole energy spectrum that we observe. In order to study
these individual components, we need to fit the whole energy spectrum to separate these
components. We use different theoretical models to describe different components and
usually apply a chi-square test to determine whether the fitting result is good or not. In
this way we are able to reveal the physical processes behind different radiation compo-
nents with these models. The results from the spectral analysis are dependent on the
models that we select, so the spectral analysis is model dependent.
Light curves of LMXBs show a large variety of timing features on different time
scales, ranging from milliseconds to years. We use the Fast Fourier Transform (FFT)
method to study these features. The FFT converts a signal from the time domain to a
representation in the frequency domain. Intensity variations with a characteristic time
scale t in the light curve produces a power at the corresponding frequency 1/t in the
power spectrum. Therefore we are able to see intensity variations at different time scales
in the light curve by checking the power at the corresponding frequencies in the power
spectra.
A power spectrum calculated from one single light curve is noisy. In order to increase
the signal to noise ratio, we need to divide the whole light curve into several equal-length
(duration of T ) segments, generate one power spectrum for each of these segments, and
finally we calculate an average power spectrum from all segments. Assuming the time
resolution of the light curve is δt, the average power spectrum covers a frequency range
from 1/T Hz to 1/(2δt) Hz, with a frequency resolution of 1/T Hz.
1.1.3 Telescopes
Since the atmosphere of the Earth absorbs all emission in the X-ray band from the sky,
only a telescope in space is able to detect and study X-ray objects in the Universe. In
the following, I will briefly introduce three X-ray telescopes that I used during my PhD.
XMM-Newton
The X-ray Multi-Mirror Mission (XMM-Newton) operated by The European Space Agency
(ESA) was launched on December 10th 1999. The satellite is in a highly elliptical orbit,
with an apogee of about 115,000 km and a perigee of ca. 6000 km. The satellite carries
two distinct types of telescope, three wolter type-1 X-ray telescopes and a 30-cm opti-
cal/UV telescope, which enable simultaneous access to energy spectra in both the X-ray
and optical/UV band. There are three types of instruments onboard:
1. The European Photon Imaging Camera (EPIC). The 3 EPIC CCD cameras are
designed for X-ray imaging, moderate resolution spectroscopy, and X-ray photometry.
There are two types of EPIC cameras, MOS and PN. XMM-Newton carries 2 MOS
cameras (Turner et al. 2001) and one PN camera (Strüder et al. 2001) onboard. The
EPIC cameras are able to carry out observations over a field view of 30′ in the energy
range of 0.15 to 12 keV, with an energy resolution of E/∆E= 20-50. The PN camera
has a very high time resolution down to 0.03 ms in the timing mode and 0.007 ms in the
burst mode.
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Figure 1.3: Schematic illustration of the XMM-Newton spacecraft and the instruments
onboard. The picture was taken from http://xmm.esac.esa.int/external/xmm_user_
support/documentation/technical/Spacecraft/.
2. The Reflection Grating Spectrometer (RGS). There are two identical spectrometers
for high-resolution X-ray spectroscopy and spectro-photometry. The RGS (den Herder
et al. 2000) covers the energy range 0.33-2.5 keV, within which there are varieties of X-ray
emission lines including the K-shell transitions and He-like triplets of light elements.
3. The Optical Monitor (OM; Mason et al. 2001) for optical/UV imaging and spec-
troscopy. It is composed of three optical and three UV filters over the wavelength range
from 180 to 600 nm.
Suzaku
The Suzaku satellite was developed mainly by the Institute of Space and Astronautical
Science of Japan Aerospace Exploration Agency (ISAS/JAXA) in collaboration with
the U.S. (NASA/GSFC, MIT). The satellite is orbiting at an attitude of 550 km, with
an inclination of 31 degree. One of the scientific instruments, the X-ray Spectrometer
(XRS), lost all of its cryogen before routine scientific observations could begin. Suzaku
now has two main types of instruments in operation, the X-ray Imaging Spectrometer
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Figure 1.4: Schematic illustration of the Suzaku spacecraft and the instruments on-
board. The picture was taken from http://www.isas.jaxa.jp/e/enterp/missions/
suzaku/.
(XIS; Koyama et al. 2007) and the Hard X-ray Detector (HXD; Takahashi et al. 2007),
covering the energy range 0.2 - 600 keV. The XIS consists of four imaging CCD cameras
(three working) sensitive in the 0.2-12.0 keV band with a field of view of 19′×19′. The
energy resolution of XIS is 120 eV at 6 keV and 50 eV at 1 keV. The HXD is a non-imaging,
collimated detector sensitive in the 10-600 keV band. The HXD is characterised by a low
background of 10−5 cts/s/cm2/keV. The energy resolution of the HXD is 3 keV at 10-30
keV and 9% at 662 keV.
RXTE
The Rossi X-ray Timing Explorer (RXTE; Bradt et al. 1993) was launched on December
30, 1995 from NASA’s Kennedy Space Center, and the satellite was decommissioned on
January 5, 2012. The satellite was at a low-earth circular orbit at an altitude of 580 km,
corresponding to an orbital period of about 90 minutes, with an inclination of 23 degrees.
RXTE is very good at exploring the variability of X-ray sources due to its unprece-
dented time resolution. There are two pointed instruments onboard, the Proportional
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Figure 1.5: Schematic illustration of the RXTE spacecraft and the instruments on-
board. The picture was taken from http://heasarc.gsfc.nasa.gov/Images/xte/xte_
spacecraft.gif.
Counter Array (PCA; Jahoda et al. 2006) developed to cover the lower part of the energy
range, and the High Energy X-ray Timing Experiment (HEXTE; Rothschild et al. 1998)
covering the upper energy range. In addition, RXTE carries an All-Sky Monitor (ASM;
Levine et al. 1996) that scans about 80% of the sky every orbit, allowing monitoring at
time scales of 90 minutes or longer.
The PCA is an array composed of five proportional counters with a total collecting
area of 6500 cm2. It covers the 2−60 keV energy band with a time and energy resolution
of 1 microsecond and <18% at 6 keV, respectively. The HEXTE consists of two clusters
of detectors. The two clusters rock along mutually orthogonal directions to measure
background every 16 to 128 s. The HEXTE covers the 15 - 250 keV energy band with
an energy resolution of 15% at 60 keV. The time resolution is 8 microsecond and the
field of view is 1 degree FWHM. The ASM contains three wide-angle shadow cameras
with a total collecting area of 90 cm2. It covers the energy range of 2− 10 keV with an
effective area of 90 cm2. The ASM scans 80% of the sky every 90 minutes with a spatial
resolution of 3′×15′.
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1.2 Outline of this thesis
In this thesis I present the study of neutron-star low-mass X-ray binaries, focusing on
the iron emission line, reflection component and marginally stable nuclear burning on
the neutron star surface.
In Chapter 2 I use five Suzaku and six XMM-Newton observations, the latter comple-
mented with simultaneous RXTE observations, to study the evolution of the continuum
spectrum and the iron line emission in the neutron star low-mass X-ray binary 4U 1636–53
across different spectral states. I found that the spectrum is consistent with the standard
truncated disc scenario. Interestingly, I also found that the flux and equivalent width of
the iron line first increase and then decrease as the flux of the Comptonised component
increases. This may be due to either changes in the ionisation state of the accretion disc
or maybe light bending effects on the emission from the Comptonised component if the
height at which this component is produced changes in different spectral states.
In Chapter 3 I investigate the neutron-star low-mass X-ray binary 4U 1728–34 using
one XMM-Newton plus simultaneous RXTE observation and one Suzaku observation. I
used a self-consistent model including two reflection components off the disc, either from
the neutron-star surface or from the corona, to fit the spectra of the source. The results
show that current data is not good enough to afford such a complicated model. I then
fitted the spectra with these two reflection components separately. For the first time, the
inclination angle of 4U 1728–34 has been accurately measured, 33±2 degrees, from the
fits of the Suzaku observation. Apart from that, I found that thermal emission from the
accretion disc is not required in the fits, this may be the consequence of the relatively
high absorption of the interstellar medium, which decrease the number of the soft disc
photons that we observe. Besides, the absence of the disc emission can also be naturally
explained if most of the soft thermal emission from the accretion disc is reprocessed in
the corona, thus the direct disc emission is weak.
In Chapter 4 I report the first detection of a mHz quasi-periodic oscillation (QPO)
in the neutron-star low-mass X-ray binary 4U 1636–53 with XMM-Newton. The mHz
QPO appeared from the beginning of the observation until an X-ray burst occurred, after
which it disappeared for ∼25 ks, and the QPO subsequently reappeared untill the end of
the observation. I fitted spectra of segments with/without the QPO in this observation
and found that the temperature of the neutron-star surface increases in segments with
a QPO compared with segments with no QPO. I also found a correlation between the
frequency of the mHz QPO and the temperature of the blackbody component, consistent
with predictions from models in which the frequency of the mHz QPO depends upon the
energy release in the burning layer in the neutron-star crust.
In Chapter 5 I focus on the spectral and timing properties of the mHz QPO in the
neutron-star low-mass X-ray binary 4U 1636–53 using XMM-Newton and RXTE obser-
vations. I found that the mHz QPOs in all observations in this work showed significant
frequency variation and always disappeared before a type I X-ray burst. For the first time
I observed the full lifetime of a mHz QPO, ∼19 ks. The spectral analysis of these obser-
vations showed that there is no significant correlation between the frequency of the mHz
QPO and the temperature of the blackbody component, which is different from theoret-
ical predictions. Furthermore, I analysed all X-ray bursts in this source and found that
all type I X-ray bursts associated with the mHz QPOs are short, bright and energetic,
indicating a potential connection between mHz QPOs and He-rich X-ray bursts.
10 chapter 1: Thesis Introduction
In Chapter 6 I further analyse the type I X-ray bursts associated with mHz QPOs in
4U 1636–53 using archival observations with the Rossi X-ray Timing Explorer. I focus
on the convexity of bursts, which measures the shape of the rising part of the burst light
curve and, according to recent models, it is related to the ignition site of bursts on the
neutron-star surface. I found that, with high confidence (3.5 σ), all type I X-ray bursts
associated with the mHz QPOs (39 in total) in 4U 1636–53 have positive convexity. I
did not find a single case in the sample of 39 bursts of an X-ray burst associated with
mHz QPOs that has negative convexity. This finding suggests that the marginally stable
nuclear burning process responsible for the mHz QPOs takes place at the neutron-star
equator. This scenario would bridge the gap between the high accretion rate required for
triggering mHz QPOs in theoretical models and the relatively low accretion rate derived
from observations.
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Abstract
We used six simultaneous XMM-Newton and Rossi X-ray Timing Explorer plus five Suzaku
observations to study the continuum spectrum and the iron emission line in the neutron-star
low-mass X-ray binary 4U 1636−53. We modelled the spectra with two thermal components
(representing the accretion disc and boundary layer), a Comptonised component (representing
a hot corona), and either a Gaussian or a relativistic line component to model an iron emission
line at ∼ 6.5 keV. For the relativistic line component we used either the diskline, laor or
kyrline model, the latter for three different values of the spin parameter. The fitting results
for the continuum are consistent with the standard truncated disc scenario. We also find that
the flux and equivalent width of the iron line first increase and then decrease as the flux of the
Comptonised component increases. This could be explained either by changes in the ionisation
state of the accretion disc where the line is produced by reflection, or by light bending of the
emission from the Comptonised component if the height at which this component is produced
changes with mass accretion rate.
2.1 Introduction
Low-mass X-ray binaries (LMXBs) consist of a compact object (a neutron star or a black
hole) and a late-type companion star with a mass of less than ∼1 M. Material from the
outer layers of the companion is stripped off and accretes onto the compact object via the
inner Lagrangian point and an accretion disc (Frank et al. 2002). The inner parts of the
accretion disc, and in the case of neutron stars the neutron-star surface and boundary
layer, emit mostly in the X-ray band. These systems show also high-energy (up to a few
100 keV) emission, likely produced by Comptonisation of the soft X-ray photons in a
hot electron corona (McConnell et al. 2000; Sanna et al. 2013). An extra hard tail has
been observed in some LMXBs, e.g., GX 17+2, 4U 1636−53, GX 349+2, Sco X-1, 4U
1608−522, GX 13+1, 4U 1705−44 (Di Salvo et al. 2000; Fiocchi et al. 2006; Paizis et al.
2006; Piraino et al. 2007).
Based on X-ray spectral and rapid variability properties, Hasinger & van der Klis
(1989) classified the neutron-star low-mass X-ray binaries into two categories: the Z
sources and the Atoll sources, owing their names to the shapes that the source traces in
an X-ray colour-colour diagram. The Z sources have higher luminosities (∼ 0.5−1 LEdd)
than the Atoll sources (0.01 − 0.2 LEdd; e.g., Done et al. 2007; Homan et al. 2007;
Ford et al. 2000). In Atoll sources the X-ray spectrum softens and the time-scale of the
majority of the variability components decreases as the luminosity of the source generally
increases (Hasinger & van der Klis 1989; van Straaten et al. 2003). More specifically, at
low luminosities these sources are in the so-called hard state, in which the Comptonised
component dominates the energy spectrum; this component can be reasonably described
by a power law with a photon index of ∼ 1.6 − 2.5 (Yoshida et al. 1993; Méndez et al.
1997). The temperature at the inner edge of the accretion disc is relatively low, 0.3− 0.5
keV (Sanna et al. 2013), and the disc usually contributes less than 20% of the emission
in the 1 − 20 keV energy range. In the truncated disc scenario (see, e.g., Done et al.
2007, and references therein), the accretion disc is truncated at a large radius in the hard
state, that being the reason for the relatively low inner-disc temperature and thermal
component flux (Gierliński & Done 2003). At high luminosities, in the soft state, the
disc emission in the 1− 20 keV range becomes more significant. The standard accretion-
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disc model (Shakura & Sunyaev 1973) predicts that in this case the disc extends down
to the innermost stable circular orbit radius, leading to a high disc temperature and a
strong thermal component. Compared to the hard state, in the soft state the inner-disc
temperature increases to 0.7 − 1.0 keV (Sanna et al. 2013); since the number of soft
photons increases as T 4, the electrons in the corona are efficiently cooled down via the
inverse Compton scattering process, and the Comptonised spectrum steepens (photon
index ∼ 2 − 2.5, e.g., Miyamoto et al. 1993; Méndez et al. 1997). In the soft state,
the thermal components dominate the X-ray spectrum below ∼ 20 keV, and little hard
emission is detected (Gierliński & Done. 2003). Both in the hard and the soft state
the neutron star surface or boundary layer, usually fitted with a blackbody component
(White et al. 1988; Sanna et al. 2013), contributes significantly to the emission at energies
below ∼ 10 keV. Going from the hard to the soft state, or vice-versa, the spectra of
these sources display some intermediate properties, and the source is said to be in the
intermediate, or transitional, state. (These basic states receive several names depending
on the class of the source; see, e.g., Hasinger & van der Klis 1989). The mechanism
driving the transition between the hard to the soft state is still unclear. However, it
is generally assumed that the change of mass accretion rate and the disc geometry are
connected to the state evolution (Hasinger & van der Klis 1989; Méndez et al. 1999; Lin
et al. 2007).
Besides the emission components described above, the accretion disc is likely illumi-
nated by the Comptonised photons and the thermal spectrum from the neutron star and
its boundary layer, and as a consequence it produces a reflection spectrum (e.g. Fabian
& Ross 2010). Due to the high abundance and fluorescence yield, an iron emission line at
∼6−7 keV may appear in the spectrum, with an intrinsic line width of the order of 1eV
(Basko 1978). The iron line profile is asymmetrically broadened by the fast disc rotation
(Doppler-broadening) and special and general relativistic effects (e.g., Doppler boosting
and gravitational redshift) near the central compact object (Fabian et al. 1989). The
final line profile is determined by parameters of the system, like the inclination angle
of the disc with respect to the line of sight, the inner radius of the disc, and the spin
parameter of the central object. Thus measurements of the iron line profile provide an
excellent way to study the physics and geometry of the accretion process (Bhattacharyya
& Strohmayer 2007; Cackett et al. 2008; Miller et al. 2013).
4U 1636−53 is an Atoll LMXBs, consisting of a neutron star and a 0.4 M companion
in a 3.8 hr orbit (Pedersen et al. 1982), at 6 kpc distance (Galloway et al. 2006). The
source shows the full range of spectral states (Belloni et al. 2007; Altamirano et al. 2008).
Highly coherent burst oscillations indicate that the system harbors a millisecond pulsar
with a spin frequency of 581 Hz (Zhang et al. 1997; Strohmayer 2002). A pair of quasi-
periodic oscillations (QPOs) at kHz frequencies were discovered by Zhang et al. (1996)
and Wijnands et al. (1997). Kaaret et al. (1999) and de Avellar et al. (2013) found that
the soft X-ray emission in the lower kHz QPO (from the pair of kHz QPOs the one at
lower frequency) lags the hard X-ray emission, suggesting that the emission is due to
reprocessing of hard X-rays in a cooler Comptonising corona or the accretion disc, in a
region with a size of at most a few kilometres. In the last ten years 4U 1636–53 showed a
regular state transition cycle of ∼40 days (Shih et al. 2005; Belloni et al. 2007), making
it an excellent source to study the variations of the broadband spectrum and iron line as
a function of spectral state.
In this work, we study the spectrum of 4U 1636−53 in different states. We use
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eleven observations from Suzaku, XMM-Newton, and the Rossi X-Ray Timing Explorer
(RXTE) satellites covering a wide range in luminosity, allowing us to investigate the
evolution of the different spectral components as a function of spectral state, and study
possible correlations between the continuum spectrum and the iron line. Since the disc
is illuminated and photon-ionised by the continuum emission to produce the iron line,
correlations between the iron line flux and the flux of different continuum components
may provide an important clue to understand the origin of the iron emission line and the
evolution of the accretion flow geometry.
2.2 Observations and data reduction
The data used in this work were collected by three satellites: five observations were made
with Suzaku, while the other six were made simultaneously with the XMM-Newton and
RXTE satellites. We call the Suzaku observations S1 to S5 and the XMM-Newton/RXTE
observations X1 to X6, respectively. We provide details of all observations in Table 5.1.
We used all 16-s time-resolution Standard-2 data available from the RXTE Propor-
tional Counter Array (PCA) from 1996 February 28 to 2011 September 18 to calculate
two X-ray colours and the X-ray light curve. We defined the hard and soft colours as
the 9.7 − 16.0/6.0 − 9.7 keV and the 3.5 − 6.0/2.0 − 3.5 keV count-rate ratios, and the
intensity as the 2− 16 keV count rate. We normalised the colours and intensity to those
of the Crab nebula in observations taken close in time to the ones of 4U 1636–53 (see
Zhang et al. 2009, for details of the procedure). We used the parameter Sa to indicate
the approximate location of the source in the colour-colour diagram (see e.g. Méndez &
van der Klis 1999; Zhang et al. 2011). We defined Sa as in Zhang et al. (2011), such
that Sa = 1 corresponds to the top right vertex and Sa = 2 to the bottom left vertex of
the colour-colour diagram. The coordinate of Sa is usually assumed to be a function of
mass accretion rate (Hasinger & van der Klis 1989; Zhang et al. 2011). The Sa values of
the eleven observations run from 1.33 to 2.23, with three observations (X1, X6 and S1)
in the hard branch, Sa < 2, two observations (X4 and S2) in the soft branch, Sa > 2,
and the rest clustered around the vertex between the two branches, Sa ∼ 2. In Figure
1 we show the colour-colour diagram, calculated as described above, for all RXTE ob-
servations of 4U 1636–53. We also plot there the curve that we used to define the Sa
value of each observation. We also indicate there the approximate position of the source
in the colour-colour diagram during the eleven observations analysed in this paper. In
Figure 2.2 we show part of the light curve of 4U 1636–53 obtained with the PCA detector
on board RXTE. We show the eleven observations discussed in this paper following the
same convention as in Figure 1.
2.2.1 Suzaku data reduction
The Suzaku observations of 4U 1636−53 were carried out using two detectors: the X-
ray Imaging Spectrometer (XIS) and the Hard X-ray Detector (HXD). The three XIS
detectors cover the 0.2−12 keV energy range, with the two front-illuminated (FI) CCD de-
tectors (XIS0, XIS3) being sensitive in the 0.4−12 keV range, while the back-illuminated
(BI) CCD detector (XIS1) covers the 0.2−12 keV range. The HXD-PIN camera provides
spectra in the 10 − 70 keV range. The 2×2 and 3×3 editing modes were applied to the
XIS detectors with the 1/4 window mode and a burst option to limit the photon pile-up.
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Figure 2.1: Colour-colour diagram of 4U 1636−53 using all RXTE observations (see
text). Each gray point represents the averaged Crab-normalised colours (see Zhang et al.
2011, for details) of a single RXTE observation. The red stars mark the position of the
five Suzaku observations (S1-S5) and six XMM-Newton/RXTE observations (X1-X6).
The position of the source in the diagram is parameterised by the length of the blue solid
curve Sa. The diagonal black solid line indicates the position in the diagram for which
Sa = 2.1 (see also Zhang et al. 2011).
For all five observations the XIS-pointing position was applied. We list other details of
the observations in Table 5.1.
All data reduction proceeded according to the Suzaku Data Reduction Guide1. We
calibrated the XIS and HXD data using XIS CALDB 20111109 and HXD CALDB
20070710, respectively. We put together the 2 × 2 and 3 × 3 mode event files for each
XIS detector into the HEASOFT tool xselect to produce good time intervals excluding
X-ray bursts, and extracted spectra from a rectangular box region centred at the position
of the source. We used the HEASOFT tools xisrmfgen and xissimarfgen to create the
XIS redistribution matrix files (RMFs) and ancillary response files (ARFs). We produced
the final FI spectrum file by combining the spectra and responses of the XIS0 and the
XIS3 data, while the final BI spectrum file was created from spectra and responses of the
XIS1 data. We rebinned all the spectra to a minimum of 20 counts per bin. To test for
pile-up, we extracted several spectra from the event files excluding a small rectangular
area of different sizes within the rectangular region that we used previously to extract
the spectrum of the source. We determined the optimal size of the inner rectangular
area by checking that the model parameters of the spectral continuum did not change
significantly when we increased the size of the inner rectangular area further. For the
FI (BI) spectrum of observation S1 the width and the height of the inner rectangular
area were, respectively, 43 and 54 (41 and 39) pixels. For the other four observations we
1 http://heasarc.nasa.gov/docs/suzaku/analysis/abc/
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used the same width and height of the inner rectangular area for the FI and BI spectra,
respectively, 77 and 103 pixels for S2 and S3, 88 and 88 pixels for S4, and 58 and 82
pixels for S5.
To produce the HXD-PIN spectra we followed exactly the steps recommended by the
Suzaku team. For each observation the HXD-PIN data reduction process began with a
clean event file. We extracted the PIN spectrum and applied the dead-time correction
using the pseudo-events files. After we had extracted the non-X-ray background (NXB)
spectrum, we increased the exposure time of the background spectrum by a factor 10
since the NXB event file was calculated with a count rate 10 times higher than the real
background count rate to reduce the statistical errors. Since the cosmic X-ray background
was not included in the NXB event file, it was simulated and modelled (as a power law
with a high energy cutoff component; see the Suzaku Data Reduction guide for details),
and finally it was added to the NXB spectrum in order to provide the total background
spectrum. As in the case of the XIS spectra, we excluded the time intervals with X-ray
bursts to produce the X-ray spectra.
2.2.2 XMM-Newton and RXTE data reduction
In this paper we used the same XMM-Newton and RXTE data as presented in Sanna
et al. (2013). Details of the extraction and reduction process are given in Sanna et al.
(2013). Here we only summarise their steps. The six XMM-Newton observations used in
this work were taken with the EPIC-PN cameras in timing mode, in which one dimension
of the CCDs is compressed to obtain a fast read out. The PN event files were processed
using the tool epproc in SAS version 12.1. Intervals with X-ray bursts were excluded
from the analysis, and all source spectra were rebinned to ensure there were at least 25
counts in every bin.
For the RXTE observations taken simultaneously with the XMM-Newton observa-
tions, Sanna et al. (2013) extracted spectra from the Standard 2 data taken with the third
Proportional Counter Unit (PCU2), since it is the best-calibrated detector, excluding in-
tervals with X-ray bursts. A 0.6% systematic error was added to the PCA data and the
background spectrum was estimated using the tool pcabackest. The HEXTE spectrum
was produced after excluding X-ray bursts, and no systematic errors were applied. For
more details of the XMM-Newton and RXTE data reduction, we refer to Sanna et al.
(2013).
2.3 Spectral Analysis
For each of the Suzaku observation, we fitted the XIS (0.9− 10 keV) and HXD (10− 30
keV) spectra together using XSPEC v12.8.0c. We ignored the energy range 1.5−2.5 keV
due to problems in the calibration of the instrument (Rivers et al. 2010; Ushio et al. 2009;
Garson et al. 2010). For the HXD spectrum we selected the energy range below 30 keV
since, for 4U 1636–53, that is the energy range where the source emission dominates over
the background. The fits of the XMM-Newton/RXTE spectra were done using XSPEC
v12.7.1 from 0.8− 120 keV (PN: 0.8− 11 keV; PCA: 10− 25 keV; HEXTE: 20− 120 keV;
see Sanna et al. 2013).
For the Suzaku observations, we used the component phabs to describe the photo-
electric absorption in the interstellar medium, using the abundance table of Anders &
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Figure 2.2: Long-term light curve of 4U 1636−53 obtained with the RXTE/PCA. For
clarity, we only show the part of the light curve around the dates of the XMM-Newton
and Suzaku observations. As in Figure 1, the red stars mark the position of the five
Suzaku observations (S1-S5) and six XMM-Newton/RXTE observations (X1-X6).
Table 2.1: Suzaku and XMM-Newton/RXTE observations of 4U 1636−53.
Observation Instrument ObsID Start Date Start Time Exposure (ks)∗
S1 Suzaku 401050010 09-02-2007 09:18:22 22.3(FI); 11.1(BI); 20.3(HXD)
S2 Suzaku 401050020 22-02-2007 07:05:38 39.7(FI); 19.8(BI); 33.2(HXD)
S3 Suzaku 401050030 01-03-2007 01:01:07 38.2(FI); 19.1(BI); 45.2(HXD)
S4 Suzaku 401050040 27-03-2007 11:31:36 30.3(FI); 14.9(BI); 26.1(HXD)
S5 Suzaku 401050050 29-03-2007 11:19:47 9.8(FI); 4.9(BI); 11.0(HXD)
X1 XMM-Newton 0303250201 29-08-2005 18:24:23 25.7
RXTE 91027-01-01-000 16:35:28 26.2 (PCA); 9.0 (HEXTE)
X2 XMM-Newton 0500350301 28-09-2007 15:44:56 14.3
RXTE 93091-01-01-000 14:47:28 26.9 (PCA); 8.8 (HEXTE)
X3 XMM-Newton 0500350401 27-02-2008 04:15:37 34.7
RXTE 93091-01-02-000 03:46:56 25.3 (PCA); 8.3 (HEXTE)
X4 XMM-Newton 0606070201 25-03-2009 22:59:30 23.8
RXTE 94310-01-02-03 23:00:32 1.9 (PCA)
RXTE 94310-01-02-04 26-03-2009 00:39:28 1.6 (PCA)
RXTE 94310-01-02-05 02:17:36 1.4 (PCA)
RXTE 94310-01-02-02 03:54:24 1.3 (PCA); 2.2 (HEXTE)
X5 XMM-Newton 0606070301 05-09-2009 01:57:03 32.8
RXTE 94310-01-03-000 01:17:36 16.6 (PCA)
RXTE 94310-01-03-00 08:20:32 7.3 (PCA); 7.6 (HEXTE)
X6 XMM-Newton 0606070401 11-09-2009 08:48:11 21.1
RXTE 94310-01-04-00 08:42:24 18.4 (PCA); 5.7 (HEXTE)
∗ The final exposure time excludes X-ray bursts, background flares and instrument dropouts. The
XMM-Newton/RXTE data are the same as those used by Sanna et al. (2013).
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Grevesse (1989) and the cross section table of Balucinska-Church & McCammon (1992).
In order to account for possible systematic errors in the cross-calibration between the
different instruments, we included a constant factor in all the models. We fixed this
constant factor to 1 for the FI and PN spectra in the Suzaku and XMM-Newton data,
respectively, and we left it free for all the other spectra. For details of the XMM-Newton
and RXTE spectral analysis, we refer to Sanna et al. (2013).
2.3.1 Spectral model
Continuum spectrum
We needed to include two thermal components and a Compotonised component to obtain
a good fit to the continuum spectrum of all observations. We used a multi-colour disc
blackbody component, diskbb (Mitsuda et al. 1984; Makishima et al. 1986), in XSPEC
to describe the emission from the accretion disc, and a single temperature blackbody
component, bbody, to model the emission from the neutron star surface and boundary
layer. For the hard component we used a thermally Comptonised continuum model,
nthcomp (Zdziarski et al. 1996; Życki et al. 1999). In this model the source of the
thermal seed photons for the Compton process can either come from the disc blackbody
or the blackbody component. After some tests, we selected the former as the source of
soft photons, the reason being that when we chose the blackbody as the source of seed
photons, the fitting results showed that the blackbody component was no longer needed
to fit the data (see also Sanna et al. 2013, for a similar situation regarding the fits to the
XMM-Newton/RXTE data).
Previous works have shown that the parameters of the spectral components vary
across the different spectral states: The temperatures of the thermal components is
typically in the range of 0.5 − 2.0 keV in the soft state (Oosterbroek et al. 2001; Di
Salvo et al. 2000; Iaria et al. 2005), and below ∼ 1 keV in the hard state (Church &
Balucińska-Church 2001; Barret et al. 2003). The temperature of the corona changes in
the opposite way, from 2− 3 keV in the soft state to a few tens of keV in the hard state
(e.g., Gierliński & Done 2003).
Iron line model
The fits using only a continuum model revealed residuals around 6 − 7 keV, the energy
range in which an iron emission line could in principle be present, therefore we also
included in our models a component in that energy range to account for this putative
line. We used, separately, four different models to fit the line (see Table 2.4 and 2.5).
Firstly, we used a simple gauss model to extract some general properties of the emission
line, like the significance and the width. Since the resulting Gaussian line was in general
broad (σ between ∼ 0.7 keV and ∼ 1.4 keV), we then also fitted the emission line
with two relativistically broadened line models, diskline (Fabian et al. 1989) and laor
(Laor 1991), developed to describe the emission from a line emitted from an accretion
disc around a non-rotating and maximally-rotating black hole, respectively. Because of
this last restriction, these two models may not be readily applicable to a moderately fast
spinning neutron star. We therefore also used the kyrline model (Dovčiak et al. 2004)
to fit the line, in which the line profile is calculated for the space-time around a black
hole with arbitrary spin. In all cases we constrained the energy of the line to the range
2.4: Results 21
Figure 2.3: Normalisation of the blackbody (upper panel) and disc blackbody (lower
panel) components in 4U 1636−53 as a function of Sa for the five Suzaku and six XMM-
Newton/RXTE observations. Different colours show the results of fits with different
models to the iron line, as indicated in the legend, with Kyrline-0, Kyrline-0.27 and
Kyrline-1 representing the results when we fitted the line with a kyrline model with
the spin parameter fixed to 0, 0.27 or 1, respectively. The blue arrow in the lower
panel shows the upper limit of the normalization in observation S5 where we did not
significantly detect emission from the disc.
6.4 − 6.97 keV, corresponding to the energy of the Ly-α line of neutral and H-like iron,
respectively. For the diskline, laor and kyrline models we fixed the outer disc radius
to 1000Rg, where Rg = GM/c2, with G being Newton’s constant, c the speed of light,
and M the mass of the neutron star. For the kyrline model, we did three separate fits




We give the best-fitting parameters to the Suzaku spectra of 4U 1636−53 in Tables 2.2
and 2.4. For completeness, we also reproduce here the results of Sanna et al. (2013) for
the XMM-Newton and RXTE data (see Tables 2.3 and 2.5; unless otherwise indicated,
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Figure 2.4: Temperature of the diskbb (upper panel) bbody (second panel from the
top) components, electron temperature (third panel from the top) and power-law index
Γ (lower panel) of the nthcomp component in 4U 1636−53 as a function of Sa. Symbols
are the same as in Figure 2.3.
all errors and upper limits correspond to the 90% and 95% confidence intervals for one
parameter, respectively). We plot the evolution of the normalisation of the blackbody
component, NBB, and that of the disc blackbody, NDBB, in Figure 2.3. The normalisation
of the blackbody component is proportional to (RNS+BL)2, where RNS+BL is the apparent
radius of the neutron star plus boundary layer (Gilfanov et al. 2003; White et al. 1988).
The increase of the normalisation of the bbody component suggests that, as the source
moves from the hard to the soft state, either the true emitting area on the surface of
the neutron star increases or the colour-correction factor, which accounts for hardening
of the spectrum arising from electron scattering in the neutron-star atmosphere and
boundary layer (London et al. 1986; Madej et al. 2004), decreases, or both. The diskbb
normalisation is NDBB ∝ R2in cos i/d2, where Rin is the radius of the inner edge of the
accretion disc, i is the inclination of the disc with respect to the line of sight, and d is
the distance to the source. Since d is constant, and assuming that the inclination angle
of the accretion disc is the same in all observations,
√
NDBB ∝ Rin. Figure 3 shows that
the inferred inner radius of the disc decreases by a factor of ∼ 10 when the source evolves
from the hard to the soft state, and in the soft state Rin remains more or less constant,
suggesting that the disc may have reached the innermost stable circular orbit (ISCO).
The normalisation of the nthcomp component (not plotted) shows no significant changes
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Figure 2.5: Residuals in terms of sigmas for the 5 Suzaku observations of 4U 1636−53
for the continuum model described in the text plus a Gaussian line, after we set the
normalisation of the gauss component in the best fitting model to zero. From top to
bottom the plots correspond to the observation S1-S5. The residuals of the FI and BI
spectrum are rebinned and plotted in black and red, respectively.
as a function of the source state.
In the soft state, the temperature of the inner disc is ∼ 0.6 − 0.8 keV, that of the
neutron star surface plus boundary layer is ∼ 1.7− 2.0 keV, and the temperature of the
corona is ∼ 2 − 8 keV. In the hard state the temperature of the inner disc decreases to
less than ∼ 0.5 keV, the temperature of the neutron-star surface plus boundary layer is
∼ 1.2− 1.9 keV, while the temperature of the corona increases to ∼ 15− 20 keV.
Combining the Suzaku results with those from the XMM-Newton/RXTE observations
of Sanna et al. (2013), in Figure 2.4 we show the evolution of these three temperatures and
the photon index of the nthcomp component as a function of Sa. The temperature at
the inner disc radius increases significantly from ∼ 0.2 keV in the hard state to about 0.8
keV in the soft state (Figure 2.4, upper panel), while the temperature of the blackbody
increases slightly from ∼ 1.5 to ∼ 2 keV when Sa increases (Figure 2.4, second panel
from the top). The inner disc temperature evolution is consistent with the standard
truncated disc scenario in neutron star LMXBs (Done et al. 2007): When the source
evolves from the hard to the soft state, mass accretion increases, the inner edge of the
accretion disc moves toward the central compact object, and since the temperature in the
disc is T ∝ M˙1/4R−3/4 (Shakura & Sunyaev 1973), the temperature at the inner edge of
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Figure 2.6: Normalisation of the diksbb component vs. the inner disc radius deduced
from the iron line component for all observations of 4U 1636–53. The black solid line
shows the best fitting result when a quadratic relation Ndbb = C × R2in is fitted to the
data. We do not include observation S5 since for that observation the normalization of
diskbb is consistent with zero. Symbols are the same as in Figure 2.3.
the disc increases. The increase of the (colour) temperature of the blackbody component
could be due to either heating up of the surface of the neutron star plus boundary layer
as M˙ increases, or to a decreasing colour-correction factor, as the mass accretion rate
onto the neutron star increases.
Moving from the hard to the soft state, the temperature of the corona (Figure 2.4,
third panel from the top) drops from ∼ 15 keV to less than ∼ 5 keV while Γ, the power-
law index2 of the nthcomp component (Figure 2.4, bottom panel) remains more or less
constant at around 2, or increases slightly, consistent with past measurement in other
sources (e.g. Méndez et al. 1997). In the soft state the thermal component dominates
the emission below ∼ 20 keV, while in the hard state it is the Comptonised component
that dominates the spectrum.
In Figure A.1, we show the residuals (in terms of sigmas) of all five Suzaku spectra
when we fitted them with the continuum model described above plus a Gaussian line in
the 6−7 keV range, with the normalisation of the Gaussian line subsequently set to zero.
We examined the significance of the line using the F-test for an extra parameter for the
2 The power-law photon index of nthcomp, Γ, and the optical depth, τ , and electron temperature,








& Titarchuk 1980; Zdziarski et al. 1996), where me is the electron mass and c the speed of light.
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gauss model of the line (see Protassov et al. 2002, for the applicability of the F-test in
this case). The F-test probability for observations S1 to S5 is 0.0094, 0.0029, 1.1× 10−7,
0.0003 and 0.0086, respectively.
As we described in the previous section, since the Gaussian used to fit the line was
always very broad, we also fitted the line with three different relativistically broadened
components. (We note, however, that the fits with a Gaussian are good, and the fits
with the relativistic line models are not significantly better than those with a Gaussian.)
We found that, regardless of the model that we used to fit the line (diskline, laor,
or kyrline, the latter with the spin parameter fixed to either 0, 0.27 or 1), in most of
the Suzaku observations the inclination angle and the emissivity index of the disc could
not be well constrained. Considering this, we give the best-fitting parameters of the line
for the different models in Table 2.4 (with the exception of the emissivity index, which
was completely unconstrained in almost all fits), and we only describe the evolution of
the inner disc radius and the flux of the line obtained from the fits. We notice that the
best-fitting inclination angle in most cases is larger than ∼ 75−80 degrees. This value is
inconsistent with the fact that the source shows no dipping or eclipses, but it is similar
to the inclination angle obtained by Pandel et al. (2008) and Sanna et al. (2013) from
fits to the XMM-Newton spectra of 4U 1636–53.
In Figure 2.6 we plot the normalisation of the diksbb component vs. the inner disc
radius deduced from the iron line component for all observations of 4U 1636–53 and for
the different models used to fit the iron line. The solid line in this plot is the best-fitting
quadratic relation to the data (all models of the line together), Ndbb = C × R2in. From
this Figure it is apparent that the normalisation of the diskbb component and the inner
disc radius deduced from the iron line profile do not follow the expected relation.
2.4.2 Flux evolution
As shown in Figure 2.7, the 0.5 − 130 keV unabsorbed flux (continuum+line) of the
eleven observations remains more or less constant, or increases slightly, as a function of
Sa. From Figure 2.8, it is apparent that the flux of the blackbody (upper panel) and
the disc components (middle panel) both increase with Sa. The nthcomp flux (lower
panel) remains more or less constant across the whole Sa range. As shown in Figure 2.9,
the flux of the iron line behaves in a complex way as a function of the Sa. The line flux
initially decreases slightly as Sa increases, and it then shows a large scatter at around
Sa=2.1, close to the position of the vertex in the colour-colour diagram (see Figure 1).
We also studied the correlation between the flux and the equivalent width of the
iron line and the two possible illuminating components, either the Comptonising corona
(Figure 2.10) or the neutron-star surface plus boundary layer. Both panels of Figure
2.10 show that, for the fits of the line with the gauss model, there is a strong positive
correlation between, respectively, the flux and equivalent width of the line and the flux
of nthcomp when the nthcomp flux is below ∼ 15× 10−10 erg cm−2 s−1, and an anti-
correlation above that value. For the fit of the line with the the kyrline model there
is a weak positive correlation between the flux of the line and the flux of the nthcomp
component when the nthcomp flux is below ∼ 15 × 10−10 erg cm−2 s−1, and a strong
anti-correlation above that value. For clarity reasons, in both panels of this Figure we
only plot the results of the line fits with the gauss and kyrline, spin parameter 0.27,
models. For both panels, the fits with the laor model give results consistent with those
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Figure 2.7: Total unabsorbed flux in the 0.5−130 keV range of 4U 1636−53 as a function
of Sa. Symbols are the same as in Figure 2.3. For clarity, we only plot the gauss and
kyrline-0.27 results here. The other models of the line give consistent results.
of the gauss model, while the results for the fits with diskline and kyrline with spins
of 0 and 1 are consistent with those of the kyrline with spin 0.27 shown in the Figure.
The maximum in this plot happens when the source is at Sa ≈ 2.1, close to the vertex in
the colour-colour diagram. The flux and equivalent width of the line do not appear to be
correlated with the flux of the bbody component (not plotted). Given that the ionising
photons that produce the iron line must have energies above ∼ 7 keV, we also compared
the flux and equivalent width of the iron line vs. the 7− 130 keV flux of the bbody and
nthcomp components. The results (not plotted) are similar to those for the full energy
range: The flux and equivalent width of the line first increase and then decrease as the
7− 130 keV flux of the nthcomp component increases, but are not correlated with the
7− 130 keV flux of the bbody component.
2.5 Discussion
We used all available Suzaku and XMM-Newton observations, the latter complemented
with simultaneous RXTE observations, to study the evolution of the continuum spectrum
and the iron line emission in the neutron star low-mass X-ray binary 4U 1636−53 across
different spectral states. We found that the temperature of the neutron star and that
at the inner edge of the accretion disc increase, whereas the electron temperature of the
corona decreases, as the source moves across the colour-colour diagram from the hard to
the soft state. Simultaneously, the inner radius of the accretion disc deduced from the
diskbb component decreases rapidly by a factor of ∼ 10, and then remains more or less
constant as the source reaches the soft state, suggesting that the inner edge of the disc
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Figure 2.8: Unabsorbed flux for the blackbody and disc blackbody component (upper
and middle panels, respectively) in the 0.5−130 keV range for 4U 1636−53 as a function
of Sa. The blue arrow in the second panel shows the upper limit of the flux in observation
S5 where we did not significantly detect emission from the disc. The lower panel shows
the unabsorbed 0.5−130 keV flux of the nthcomp component in 4U 1636–53 as a function
of Sa. Symbols are the same as in Figure 2.3. For clarity, we only plot the gauss and
kyrline-0.27 results here. The other models of the line give consistent results.
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Figure 2.9: Unabsorbed iron line flux in the 0.5 − 130 keV range for 4U 1636−53 vs.
Sa. Symbols are the same as in Figure 2.3. For clarity, we only plot the gauss and
kyrline-0.27 results here. The other models of the line give consistent results.
may have reached the ISCO. The power-law photon index of the component used to fit
the corona emission increases from ∼ 1.7 in the hard state up to ∼ 2.8 (depending on the
model used to fit the line) in the soft state. Simultaneously, the total unabsorbed flux
and the flux of the Comptonised component remain more or less constant, whereas the
flux of the disc and that of the neutron star plus boundary layer increase, as the source
moves from across the colour-colour diagram from the hard to the soft state (all fluxes
calculated in the 0.5 − 130 keV range). Interestingly, the flux and equivalent width of
the iron line first increase and then decrease as the flux of the Comptonised component
increases. The maximum of this relation takes place when the source is close to the
vertex in the colour-colour diagram.
The relation between the flux or the equivalent width of the line on one side and
the flux of the hard spectral component on the other appears to contradict the expected
behaviour if the line is due to reflection off the accretion disc. In the reflection scenario,
the corona (and in neutron-star systems possibly also the neutron-star or boundary-
layer) illuminates and photon-ionises the disc, where the reflection spectrum (continuum
+ emission line) is then produced. In this scenario the flux or equivalent width of the iron
line should be positively correlated with that of the illuminating component. We find
that, while this is the case when at low nthcomp flux values, the opposite is true when the
nthcomp flux is high (see Figure 2.10). However, the disc becomes more ionised when
the illuminating flux increases, provided that there are enough photons with energies
above the ionisation potential of H- and He-like iron. As the flux of the illuminating
component increases further, the material in the disc would eventually become fully
ionised, and the line will disappear. This scenario agrees with recent calculations of the
reflection spectrum of an ionised slab at different ionisation levels (García et al. 2013).
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Figure 2.10: Flux (0.5 − 130 keV; upper panel) and equivalent width (lower panel) of
the iron line vs. the flux (0.5 − 130 keV) of the nthcomp continuum component in 4U
1636−53. For clarity, we only plot the results of gauss (in cyan) and kyrline-0.27 (in
black) here. The other models of the line give consistent results. For this Figure we use
the 1-σ errors in the flux and equivalent width.
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García et al. (2013) found (see their Figure 5) that the flux of the iron emission line in
the reflected spectrum decreases gradually as the material in the slab is ionised further.
Similarly, Matt et al. (1993) showed that the equivalent width of the iron line in the
reflected spectrum of an ionised slab initially increases and then decreases as the flux of
the ionising source increases. Our results are generally consistent with this idea (compare
our Figure 2.10 with Figures 1 and 2 in Matt et al. 1993). However, in this scenario,
as the ionisation state of the disc increases, the fitted energy of the emission line should
gradually increase, as the fraction of H-like iron ions relative to the He-like iron ions in
the disc increases. Our results do not show any correlation between the fitted energy
of the line and the flux of the ionising source (see Tables 2.4 and 2.5), regardless of the
model we used to fit the line. While this lack of correlation could be due to limitations
of the models that we used to fit the iron line, or to the fact that we only fitted the iron
line instead of the full reflection spectrum, using the same XMM-Newton data presented
here Sanna et al. (2013) found no correlation between the ionisation parameter of the
full reflection model they fitted to the spectra and the position of the source in the
colour-colour diagram, reinforcing this conclusion.
Alternatively, the relation between iron line flux or equivalent width and the flux of
the hard spectral component in 4U 1636–53 shown in Figure 2.10 could be interpreted in
terms of light bending (Miniutti & Fabian 2004). In this model, the observed flux of the
hard illuminating source (in our fits the nthcomp) depends strongly upon the height of
the source of photons in the corona above the disc; the observed flux of the direct emission
can change by up to a factor ∼ 20 as the height of the illuminating source changes, even
if the luminosity of the illuminating source remains constant. On the other hand, the
reflected spectrum of the disc, and hence the flux or equivalent width of the iron line, is
much less sensitive to the height of the illuminating source. Miniutti & Fabian (2004)
find that there are three regimes in which, as the flux of the direct emission increases, the
reflection component (and hence the iron line flux or equivalent width) is first correlated,
then insensitive, and finally anti-correlated with the flux of the direct emission. Rossi
et al. (2005) found that, in the black-hole candidate XTE J1650–500, as the total flux of
the source above 7 keV increases, the flux of the iron line initially remains constant and
eventually decreases. They found that the source flux level at which the line flux starts
to decrease coincides with the transition from the hard to the soft state in this source.
Park et al. (2004) also found a complex relation between the iron-line flux and the flux of
the hard and the soft components in the black-hole candidate 4U 1543–475. In this case,
however, the relation does not follow any clear trend, and an interpretation in terms of
the light bending model is not apparent. Rossi et al. (2005) suggested the direct and
reflected components in XTE J1650–500 could be related to the existence of a radio jet
in this source (Corbel et al. 2004), with possible changes of the height of the base of the
jet as the mechanism that drives the changes of the direct emission in XTE J1650–500.
It is unclear whether this could also be the case in 4U 1636–53, since this source has
not been detected in radio, and hence the existence of a strong jet in this system is at
best doubtful (Thomas et al. 1979; Russell et al. 2012). The lack of a strong radio jet
in 4U 1636–53 could also be the reason that the flux of the hard (direct) component
in this source changes only by a factor ∼ 5, whereas in XTE J1650–500 the flux of the
direct ionising source changes by ≥ 10. We finally note that if the relation between the
flux or equivalent width of the iron line and the nthcomp flux in 4U 1636–53 is due to
light bending, this would be the first case of a neutron-star system in which this effect is
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observed. The light bending model was developed for the case of a rapidly spinning black
hole, and therefore it is unclear whether it would also apply for a moderately spinning
neutron star.
In the case of 4U 1636–53 the point at which the flux of the iron line switches from
correlated to anti-correlated with the flux of the nthcomp component coincides with
the vertex in the colour-colour-diagram, at Sa ∼ 2.1. The existence of the vertex in this
diagram directly indicates a sudden change of the spectral properties of the source which,
going from the hard to the soft state, quickly softens there. We note also that the vertex of
the colour-colour diagram is the place where the quality factor of the kHz QPOs (Barret
et al. 2006; Méndez 2006) and the intrinsic coherence between the variability in the hard
and soft energy bands (de Avellar et al. 2013) are the highest. Furthermore, Zhang et al.
(2011) studied 298 type-I X-ray bursts in the 4U 1636−53 using RXTE observations,
and they found that in this area of the colour-colour diagram most photospheric radius
expansion bursts and a super-burst are observed. All these properties suggest that, in
this source several properties of the accretion flow change significantly in this area of the
colour-colour diagram.
The changes of the properties of the continuum spectrum of 4U 1636–53 as the source
moves in the colour-colour diagram are generally consistent with those of other neutron-
star LMXBs. For instance, Farinelli & Titarchuk (2011) measured the power-law index
and the electron temperature kTe of the Comptonising component in the neutron star
LMXBs Sco X-1, GX 349+2, X 1658−298, 1E 1724−3045, GX 17+2, Cyg X−2, GX
340+0, GX 3+1, and GS 1826−238, and found that the power-law energy index (Γ − 1
in the nthcomp component) remains more or less constant at around 1±0.2. Using
RXTE and BeppoSAX observations, Seifina & Titarchuk (2011, 2012) showed that in
4U 1728−34 and GX 3+1, the power-law index also remains almost constant as the
temperature of the corona changes dramatically. Recently, Titarchuk et al. (2013) found
that in another neutron star binary, 4U 1820−30, the power-law index remains almost
constant for different source states. The power-law index in 4U 1636−53 changes from
∼ 1.7 in the hard state to ∼ 2.8 in the soft state (depending on the model used to fit
the iron line), which is a somewhat larger than the variations in the sources studied
by Farinelli & Titarchuk (2011, note, however, that the model that they used to fit the
Comptonised component is not the same as the one we used here). Titarchuk et al. (2013)
concluded that the power-law index quasi-stability is an intrinsic property of neutron star
binaries, which is fundamentally different from that of black-hole binary systems. Seifina
& Titarchuk (2011) suggested that this stability of the power-law index happens when the
energy released in the corona itself is much higher than the one from the disc intercepted
by the corona.
The changes of the continuum spectrum are also broadly consistent with the truncated
disc scenario in LMXBs (e.g. Done et al. 2007, and references therein): The temperature
of the disc increases and the inner radius of the disc decreases as the inferred mass
accretion rate increases. The electron temperature of the nthcomp component and
the temperature of the neutron-star surface are also consistent with this scenario. It
is intriguing, however, that the inner radius of the accretion disc deduced from the
relativistically broaden iron line does not follow the same trend. The model of the disc
that we used to fit the data does not include spectral hardening, and the iron line profile
may be further affected by mechanisms other than relativistic broadening. It remains to
be seen whether these effect could explain this discrepancy.
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Table 2.4: Suzaku observations of 4U 1636−53 - Parameters of the Fe line1 for the
different models used to fit the line. In all cases the line normalisation is given in units
of photons cm−2 s−1.
S1 (Sa=1.54) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.40 +0.26−0 0.8±0.4 - 0.7 +0.8−0.5 1.04 (655/627)







LAOR 6.49 +0.10−0.09 - 86.3 ±0.3 19.9+11.2−3.3 0.7+0.3−0.2 1.04 (651/625)
KYR-0 6.40 +0.19−0 - 86.2
+2.8
−11.8 17.5±10.5 0.7+0.4−0.3 1.04 (652/625)




−13.2 0.6±0.2 1.04 (652/625)







S2 (Sa=2.23) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.40 +0.08−0 0.8 ±0.3 - - 1.3 +0.9−0.8 1.17 (733/628)
DISKLINE 6.97 +0−0.35 - 23.8 ±5.0 6.8+2.8−0.8 0.9±0.5 1.17 (730/626)
LAOR 6.50 ±0.06 - 0.01 +13.2−0.01 5.0+11.1−3.7 0.5±0.4 1.17 (730/626)




−2.4 0.6±0.2 1.16 (728/626)




−5.0 0.6±0.2 1.16 (728/626)
KYR-1 6.40 +0.23−0 - 28.3
+1.2
−5.2 11.3±1.3 0.6±0.2 1.16 (728/626)
S3 (Sa=1.98) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.61 +0.17−0.21 0.8 ±0.2 - - 1.4 +1.4−0.7 1.24 (780/628)
DISKLINE 6.43 +0.12−0.03 - 79.3
+10.7
−20.9 12.0±5.0 1.4±0.4 1.24 (774/626)
LAOR 6.44 +0.11−0.04 - 86.4 ±0.2 11.25+1.7−0.07 2.3±0.4 1.23 (771/626)







KYR-0.27 6.40 +0.13−0 - 85.1
+1.8
−5.5 11.8±2.5 1.9±0.7 1.23 (773/626)
KYR-1 6.44 +0.12−0.04 - 83.9
+2.5
−8.5 11.8±2.8 1.8±0.5 1.23 (773/626)
S4 (Sa=2.10) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.40 +0.18−0 1.04 ±0.25 - - 2.3 ±1.4 1.09 (807/740)




−6.4 1.2 ±0.5 1.10 (810/738)
LAOR 6.55 +0.07−0.11 - 86.26 ±0.2 16.1 ±3.4 1.6 ±0.4 1.08 (800/738)
KYR-0 6.46 +0.13−0.06 - 86.9 ±1.5 15.5 +4.8−1.3 1.8 ±0.3 1.08 (799/738)
KYR-0.27 6.47 +0.13−0.07 - 86.8 ±1.5 15.5 +5.0−2.5 1.8 ±0.4 1.08 (799/738)
KYR-1 6.55 +0.09−0.12 - 86.1 ±1.5 18.0 ±3.9 1.6 ±0.5 1.08 (799/738)
S5 (Sa=2.12) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.40 +0.20−0 0.7 ±0.3 - - 1.4 ±0.8 1.04 (635/613)




−18.2 1.2 ±0.4 1.04 (633/611)




−24.6 1.3 ±0.3 1.03 (632/611)
KYR-0 6.41 +0.04−0.01 - 86.3 ±2.5 37.2+852.7−15.2 1.2 ±0.4 1.03 (632/611)
KYR-0.27 6.42 +0.04−0.02 - 86.3 ±2.5 37.2+800.1−15.4 1.2 ±0.4 1.03 (632/611)
KYR-1 6.42 +0.05−0.02 - 86.3 ±2.5 37.0+258.7−16.0 1.2 ±0.4 1.03 (632/611)
1Although it was left free during the fits, we do not give the emissivity index in this (and the next Table)
because in almost all fits this parameter was completely unconstrained. The errors in all the other
parameters were calculated leaving the emissivity index free.
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Table 2.5: XMM-newton/RXTE observations of 4U 1636−53 - Parameters of the Fe
line, for the different models used to fit the line. In all cases the line normalisation is
given in units of photons cm−2 s−1.
X1 (Sa=1.33) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.40 +0.07−0 1.27 ±0.12 - - 4.2±0.9 1.08 (306/284)




−2.6 2.1±0.2 1.18 (333/282)
LAOR 6.44 +0.08−0.04 - 86.3 ±0.2 10.8+0.6−2.9 2.5±0.4 1.09 (307/282)
KYR-0 6.40 +0.06−0 - 86.1 ±0.8 10.8±1.7 2.4±0.3 1.11 (312/282)
KYR-0.27 6.40 +0.06−0 - 85.9 ±0.8 10.6+1.9−1.2 2.4±0.3 1.11 (312/282)
KYR-1 6.40 +0.06−0 - 85.1 ±0.9 9.9 +1.9−1.1 2.5±0.3 1.12 (317/282)
X2 (Sa=2.01) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.40 +0.07−0 1.3 ±0.1 - - 7.6±1.6 1.05 (298/284)




−2.4 3.2±0.5 1.07 (304/282)




−0.8 6.4±0.1 1.06 (299/282)
KYR-0 6.4 +0.2−0 - 88.9 ±1.0 6.3 +1.1−0.3 5.3±0.8 1.07 (301/282)
KYR-0.27 6.4 +0.1−0 - 83.9
+2.1
−7.9 12.5±2.5 3.6+2−0.6 1.07 (303/282)




−1.7 3.6±0.5 1.07 (302/282)
X3 (Sa=2.08) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.40 +0.06−0 1.4±0.1 - - 11.7 ±0.7 1.09 (306/281)




−1.5 4.6 ±0.4 1.19 (333/279)
LAOR 6.40 +0.05−0 - 87.5
+2.5
−0.5 2.3 ±0.4 9.6+0.5−1 1.12 (314/279)
KYR-0 6.67 ±0.07 - 86.2 ±0.7 13.1±1.3 4.4±0.4 1.16 (325/279)
KYR-0.27 6.68 ±0.07 - 86.1 ±0.8 13.1±1.4 4.3±0.4 1.17 (326/279)
KYR-1 6.7 ±0.1 - 85.6 +2.1−5.8 12.9+3.2−1.7 4.3±0.5 1.17 (328/279)
X4 (Sa=2.17) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.86 ±0.11 1 ±0.2 - - 2.9±1.0 1.08 (304/281)
DISKLINE 6.43 +0.05−0.03 - 73.4 ±5.3 6.0 +2.8−0 2.6+1.0−0.4 1.06 (297/279)
LAOR 6.72 +0.15−0.32 - 88.1 ±1.9 2.8 +1.2−0.8 3.5±0.1 1.09 (304/279)




−0 2.4±0.6 1.06 (295/279)




−0.6 2.4±0.5 1.06 (296/279)
KYR-1 6.44 +0.07−0.04 - 74.3 ±6.5 5.3 ±1.6 2.3±0.5 1.06 (296/279)
X5 (Sa=2.09) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.41 +0.09−0.01 1.4±0.1 - - 8.6 +1.8−1 1.12 (304/272)




−0.5 3.8±0.5 1.22 (331/270)




−0.2 6.1±0.7 1.15 (310/270)
KYR-0 6.40 +0.04−0 - 87 ±1 6.2 +0.4−0.2 4.6±0.5 1.17 (317/270)
KYR-0.27 6.40 +0.04−0 - 86.7 ±1.5 5.9 ±0.6 4.5±0.6 1.18 (320/270)
KYR-1 6.40 +0.03−0 - 89.0
+1
−1.3 2.6 ±0.1 5.4±0.6 1.21 (327/270)
X6 (Sa=1.36) Eline(keV) σ(keV) i(◦) Rin(Rg) Normalisation(10−3) χ2ν(χ
2/dof)
GAUSS 6.40 +0.05−0 1.2±0.1 - - 4 ±1 0.93 (259/278)







LAOR 6.40 +0.07−0 - 86.4 ±0.2 6.2 ±1.9 3.7 ±0.6 0.94 (260/276)
KYR-0 6.40 +0.07−0 - 86.8 ±0.8 12.2+1.9−2.6 2.6 ±0.3 0.97 (268/276)
KYR-0.27 6.40 +0.07−0 - 86.5 ±0.8 12.2+1.7−2.6 2.5 ±0.3 0.97 (268/276)
KYR-1 6.40 +0.09−0 - 86 ±1 12.1±2.1 2.5 ±0.3 0.98 (270/276)
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Spectral analysis of the neutron-star
low-mass X-ray binary 4U 1728−34
– Ming Lyu, Mariano Méndez –
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3.1 Abstract
We used one XMM-Newton plus simultaneous RXTE observation and one Suzaku observation
to study the neutron-star low-mass X-ray binary 4U 1728–34. We fitted the spectra with a self-
consistent model including reflection component off the disc, either from the neutron-star surface
or from the corona. For the first time, the inclination angle of 4U 1728–34 has been accurately
constrained, 33±2 degrees. We also found that the thermal emission from the accretion disc is
not required in the fits. This is likely due to the relatively high column density of the interstellar
medium, which decreases the number of soft disc photons that we observe. Besides, the absence
of the disc emission is also consistent with a scenario in which most of the soft thermal emission
from the accretion disc is reprocessed in the corona, thus the direct disc emission becomes very
weak.
3.2 Introduction
Low-mass X-ray binary systems (LMXBs) consist of a central compact object (a neutron
star or a black hole) and a low-mass (M≤1 M) donor star. According to the path
they trace in an X-ray colour-colour diagram (CD) or hardness-intensity diagram (HID),
Hasinger & van der Klis (1989) classified the neutron-star LMXBs (NS LMXBs) into two
classes, the Atoll and the Z sources. The Z sources (∼0.5-1 LEdd) are brighter than the
Atoll sources (0.01-0.2 LEdd; e.g. Ford et al. 2000; Done et al. 2007; Homan et al. 2007).
The Atoll sources display three branches in the CD: the island, the lower banana and the
upper banana. The branches in the CD correspond to different spectral states with the
mass accretion rate increasing from the island (hard spectral state) to the upper branch
(soft spectral state).
In the hard spectral state, the inner part of the accretion disc is relatively cool,
∼0.3-0.5 keV (Sanna et al. 2013; Lyu et al. 2014), and contributes less than 20 % of the
total emission below 20 keV. The whole energy spectrum in the hard state is dominated
by a Comptonised component, which is usually described by a power law like model
with a photon index of ∼ 1.6 − 2.5 (Yoshida et al. 1993; Méndez et al. 1997). In the
scenario of the truncated disc model (e.g. Done et al. 2007, and references therein), the
accretion disc in the hard state is truncated far from the central object, thus leading to
a relative low inner-disc temperature and disc emission flux, while in the soft spectral
state, the soft thermal emissions become predominant. There are two possible sources of
thermal emissions in a neutron star system, either the surface of the neutron star (plus
its boundary layer) or the accretion disc. The disc in the soft state extends down to the
inner most stable circular orbit (Shakura & Sunyaev 1973), leading to a high inner-disc
temperature of 0.7-1.0 keV (Sanna et al. 2013; Lyu et al. 2014) and a strong thermal
component. The electrons in the corona are efficiently cooled down through the inverse
Compton scattering process, with seed photons coming from the thermal components.
As a consequence, the Comptonised spectrum becomes steep and has a photon index of
∼2− 2.5 (Miyamoto et al. 1993; Méndez et al. 1997), and little hard emission is detected
in some cases (Gierliński & Done 2003).
Many models have been proposed to explain the neutron-star LMXBs spectra. His-
torically, two main types of models were widely used: (i) the ‘eastern model’ consists of a
multi-temperature thermal emission from the accretion disc plus a Comptonised compo-
nent from the optically thin but geometrically thick corona (Mitsuda et al. 1984, 1989);
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(ii) the ‘western model’ consists of a single-temperature blackbody component from the
surface of the neutron star (and its boundary layer) and a Comptonised spectrum due to
inverse Compton scattering of thermal photons off the hot electrons in the corona (White
et al. 1986).
4U 1728–34 was first detected by UHURU scans of the Galactic center region in 1976
(Forman et al. 1976). Later Lewin et al. (1976) and Hoffman et al. (1976) detected type I
X-ray bursts from the source, identifying the neutron-star nature of the compact object.
4U 1728–34 was classified as an Atoll NS LMXB (Hasinger & van der Klis 1989), at
an estimated distance of 4.4 − 5.1 kpc, deduced from measurements of the peak flux of
photospheric radius expansion bursts (Di Salvo et al. 2000; Galloway et al. 2003). Migliari
et al. (2003) found a coupling between the disc and the jet in 4U 1728–34 based on a
significant correlation between the radio flux density and the X-ray flux. Spectral analysis
of 4U 1728–34 has been performed using observations from many satellites in the past,
such as Einstein (Grindlay & Hertz 1981), SAS − 3 (Basinska et al. 1984), EXOSAT
(White et al. 1986), SIGMA (Claret et al. 1994), ROSAT (Schulz 1999), BeppoSAX
(Piraino et al. 2000; Di Salvo et al. 2000), ASCA (Narita et al. 2001), RXTE, Chandra
(D’Aí et al. 2006), INTEGRAL (Falanga et al. 2006) and XMM-Newton (Ng et al. 2010;
Egron et al. 2011), BeppoSAX, RXTE (Seifina & Titarchuk 2011), INTEGRAL, RXTE
(Tarana et al. 2011).
In this work we explore the spectral properties of 4U 1728–34 using an XMM-Newton
observation plus a simultaneous Rossi X-ray Timing Explorer (RXTE) observation and
a Suzaku observation. We fitted a self-consistent reflection model to the data to see how
the corona and the neutron-star surface (and its boundary layer) contributed individually
to the reflection spectrum. Finally, we compared the reflection features of the source in
these two observations.
3.3 Observations and data reduction
In this work we used the data from three satellites: one XMM-Newton observation
(ObsID:0671180201) plus a simultaneous RXTE observation (ObsID: 96322-01-01-00)
taken on 2011-08-28, and one Suzaku observation (ObsID:405048010) operated on 2010-
10-04.
The XMM-Newton observation was taken by the European Photon Imaging Camera,
EPIC-PN (Strüder et al. 2001), in timing mode with a total exposure time of about 52
ks. We used the Science Analysis System (SAS) version 14.0.0 to reduce the PN data
with the latest calibration files. We applied the tool epproc to extract calibrated events,
and converted the arrival time of photons to the barycenter of the solar system using
the command barycen. We excluded all events at the edge of a CCD and close to a bad
pixel, and selected only single and double events for the extraction. We selected events
within a 20-column wide box centred on the source position, excluding the central five
columns to eliminate pile up. The background spectrum was extracted from a 2-column
wide box in a source free region in the CCD. We produced the response matrices and
ancillary response files with the commands rmfgen and arfgen, respectively. Finally, we
rebinned the spectrum to ensure a minimum of 25 counts in every bin.
For the RXTE observation we used the Proportional Counter Array (PCA; Jahoda
et al. 2006) data only, since the other instrument, the High Energy X-ray Timing Exper-
iment (HEXTE; Rothschild et al. 1998), was not in a good working condition after 2009.
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We reduced the data using the heasoft package version 6.16 according to the RXTE
cook book1. We applied the tool saextrct to extract PCA spectra from Standard-2 data,
where only the events from the best calibrated detector, PCU2, were selected. We ran
the command pcabackest to generate the PCA background files and pcarsp to produce
the response files. Finally, we applied the dead time correction to the spectra.
We used the Suzaku data taken with two instruments onboard: the X-ray Imaging
Spectrometer (XIS) and the Hard X-ray Detector (HXD). The XIS and HXD detectors
cover an energy range of 0.2 − 12 keV and 10 − 70 keV, respectively. The XIS data
were collected by two front-illuminated (FI) detectors (XIS0 and XIS3) and one back-
illuminated (BI) detector (XIS1). The 1/4 window option and the burst option were
applied to the XIS detectors to limit possible pileup effects.
We followed exactly the steps from the Suzaku Data Reduction Guide2 to reduce all
Suzaku data. We used the tool aepipeline to recalibrate the XIS and HXD events with
the latest calibration files, removed bad pixels and applied the standard GTI selection.
After excluding X-ray bursts, we ran the heasoft tool xselect to extract XIS spectra
from a circular region centered at the position of the source. We found that there was
no pile up in the spectra. The redistribution matrix files (RMFs) and ancillary response
files (ARFs) were generated using the tool xisrmfgen and xissimarfgen, respectively.
Finally, we used the command addascaspec to combine the spectra of XIS1 and XIS3
to produce the FI spectra. For the HXD-PIN data, we applied the tool hxdpinxbpi to
produce the source and background spectra. We applied the dead-time correction to the
source spectrum using the pseudo-events files. Since the non X-ray background (NXB)
has a count rate 10 times higher than the real background, in order to reduce the Poisson
noise, we adjusted the exposure time of the NXB spectra by a factor of 10. Furthermore,
a cosmic X-ray background (CXB) was simulated and added to the NXB to generate
a total background spectrum. Finally, we downloaded the response file from the online
CALDB according to the Suzaku Data Reduction Guide.
3.4 Spectral Analysis
In this work we used XSPEC ver 12.8.2 (Arnaud 1996) to fit the PN and PCA spectra
together in the 0.8 − 25 keV energy range (PN: 0.8 − 10 keV; PCA: 10 − 25 keV), and
the Suzaku spectra in the 1-50 keV energy range (FI/BI: 1− 10 keV; HXD-PIN: 10− 50
keV). We ignored the energy range 1.5−2.5 keV in the FI/BI spectrum due to calibration
problems of the instruments (Rivers et al. 2010; Ushio et al. 2009; Garson et al. 2010).
We used the component phabs to describe the interstellar absorption along the line of
sight, with the solar abundance table of Wilms et al. (2000) and the photoionization
cross section table of Verner et al. (1996). A multiplicative constant factor was applied
to the model to account for possible calibration difference between different instruments.
Finally, we added a 0.5% systematic error to all the spectra in XSPEC.
3.4.1 Direct emission
We first tried two thermal components plus one Comptonised component to fit spectra
(Sanna et al. 2013; Lyu et al. 2014). We selected the model bbody to describe ther-
1 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_book.html
2 http://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/
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mal emission from the neutron-star surface and its boundary layer. We also used the
component diskbb (Mitsuda et al. 1984; Makishima et al. 1986) to fit the emission from
accretion disc. For the Comptonised component we used the thermal comptonised com-
ponent nthcomp (Zdziarski et al. 1996; Życki et al. 1999), with seed photons for the
thermal Compton process coming from the accretion disc. We found that the normalisa-
tions of the diskbb component were consistent with zero in the fits, indicating that this
component was not necessary (Piraino et al. 2000; D’Aí et al. 2006; Seifina & Titarchuk
2011). Therefore, we did not use the diskbb component in the fits.
3.4.2 Reflection emission
When the accretion disc is irradiated by other emission components, the surface of the
disc is likely to be ionised, generating an iron fluorescent emission line. In addition to
that, most of the illuminating flux may be reflected off the disc and form a reflection
spectrum. In most X-ray sources, the Comptonised component produces the illuminating
flux for the reflection. However, in neutron star LMXBs the incident photons for the
reflection process may come from either the neutron-star surface and its boundary layer,
the Comptonised component, or both.
The existence of residuals around 6 − 7 keV (Figure 3.1) in the fits indicates that
reflection from the accretion disc may be present, therefore we added the component
kyrline to model the possible iron emission line in the 6.4 - 6.97 keV range. The
kyrline component (Dovčiak et al. 2004) describes the line profile from an accretion
disc around a black hole with arbitrary spin. We set the spin parameter in all fits to
be 0.15 calculated as a = 0.47/P(ms) (Braje et al. 2000), where P=1/363 s (Strohmayer
et al. 1996) is the spin period of the neutron star in milliseconds.
We also tried a self-consistent model to describe the disc reflection of the irradiation
from the neutron star and the corona. We applied the component bbref (Ballantyne
2004) to describe the reflection spectrum from a constant-density disc illuminated by a
blackbody emitter. For the reflection of the corona emission we selected the component
rfxconv (Done & Gierliński 2006; Kolehmainen et al. 2011), which was developed to
calculate the reflection spectrum from a power-law illuminating flux. The component
rfxconv combines the ionised disc table model from Ross & Fabian (2005) with the
Magdziarz & Zdziarski (1995) Compton reflection code. We set the relative reflection
normalization in the model in XSPEC to be negative so that only the reflected component
is returned. Since the reflection spectrum from the inner part of the accretion disc may
be further smeared by relativistic effects, we convolved the reflected spectrum with the
component kerrconv (Brenneman & Reynolds 2006).
We linked the ionisation parameter of the disc in rfxconv to the one in bbref, and
assumed solar iron abundance of the disc in both components. Besides, we linked the
temperature of the incident photons in bbref to the temperate of the bbody compo-
nent. The spin parameter and the outer radius of the disc in kerrconv were set to,
respectively, 0.15 and 1000 RG, where RG = GM/c2 is the gravitational radius, with M
the neutron-star mass, and G and c the gravitational constant and the speed of light,
respectively. We constrained the inclination angle in the fits to be less than 60 degree
since no eclipses have ever been observed in this source so far.
We first fit the spectra with the self-consistent model phabs∗(bbody+nthcomp+
kerrconv∗(bbref+rfxconv∗nthcomp)), where both the bbody and nthcomp com-
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Figure 3.1: Residuals in terms of sigmas for the XMM-Newton (upper panel) and
Suzaku (lower panel) observation of 4U 1728−34. We fitted the spectra with the model
phabs∗(bbody+nthcomp+kryline) and then set the normalisation of the kyrline
component in the best fitting results to zero. The iron emission line is significant and
broad in each observation.
ponent were reflected and smeared by relativistic effects. The fit shows that this model is
too complex for the data: The normalization of the reflection component from the Comp-
tonised component rfxconv∗nthcomp became very small and consistent with zero in
the two observations. The possible reason for this is that the data do not afford such a
large number of model components and parameters. Therefore, we then fit the spectra
with the two reflection components separately: phabs∗(bbody+nthcomp+kerrconv
∗bbref) and phabs∗(bbody+nthcomp+kerrconv∗(rfxconv∗nthcomp)).
3.5 Results
In Table 3.1 we show the fitting results using the kyrline model. The blackbody
temperature kTBB, increases from 1.70±0.08 keV in the XMM-Newton observation to

























































Figure 3.2: Fitting results with the reflection model phabs∗(bbody+nthcomp +
kerrconv∗(rfxconv∗nthcomp)) for the XMM-Newton/RXTE (top) and the Suzaku
(bottom) observations of 4U 1728–34. Each plot shows the fitted spectra and unfolded
model (main panel), and the residuals in terms of sigmas (sub panel). The bbody,
nthcomp and kerrconv∗(rfxconv∗nthcomp) components are plotted with a blue
dashed-dotted, magenta dotted and green dashed-dotted-dotted-dotted line, respectively.
We used a gauss line (black dashed line) to fit residuals due to instrumental effects
around 1 keV in the XMM-Newton observation. Since the FI and BI spectra in the
Suzaku observation are mostly on top of each other in the plot, here we do not plot the
FI spectra for clarity. The residuals are rebinned for plotting purposes.
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Table 3.1: Best-fitting results for the phenomenological model. Here we give the unab-
sorbed flux (erg cm−2 s−1) in the energy range 0.5 − 100 keV. All errors in the Tables
are at the 90% confidence level unless otherwise indicated.
Model Comp Parameter XMM-Newton Suzaku
phabs NH(1022cm−2) 4.55±0.23 4.90±0.03
bbody kTBB(keV) 1.70±0.08 2.23±0.03
Norm (10−3) 6.1±1.3 6.9±0.2
Flux (10−10) 6.0±1.1 5.8±0.1




Norm (10−3) 3.7±0.4 1.6+0.3−0.1
Flux (10−10) 0.43±0.06 0.16±0.02




Flux (10−10) 48.0±3.4 34.2+0.3−1.2
χ2ν(χ2/dof) 1.18 (205/174) 1.07 (3044/2838)
Total flux (10−10) 54.7±2.5 40.0±0.9
A symbol ∗ means that the error pegged at the hard limit of the parameter range.
kyrline component goes in the opposite way: it is 13.8±5.5 Rg and 6.5+0.4−1.0∗ Rg in the
XMM-Newton and Suzaku observation, respectively. The inclination angle of the disc
in kyrline in the Suzaku observation is 26.3±1.8 degree, while it pegs at the upper
boundary of 60 degree in the XMM-Newton observation. The total unabsorbed flux in
0.5-100 keV is (54.7±2.5)×10−10 erg cm−2 s−1 and (40.0±0.9)×10−10 erg cm−2 s−1 for
the XMM-Newton and the Suzaku observation, respectively. The nthcomp component
contributes more than 80% of the total flux and hence dominates the energy spectra of
these two observations. The power-law index Γ increases from 2.02±0.06 in the XMM-
Newton observation to 2.26±0.01 in the Suzaku observation, together with the electron
temperature kTe from 3.4±0.2 keV to 7.2±0.4 keV. As shown in Figure 3.1, we detect a
significant and broad iron emission line in the two observations, indicating that reflection
off the accretion disc is significant.
For the fitting results of the reflection model, here we only focus on the results of
the reflection component from the Comptonised component rfxconv∗nthcomp. The
reason for that is that the Comptonised component is the dominant component (see
Table 3.1) in the continuum and hence more likely to illuminate the disc and produce the
reflection spectrum compared with the thermal emission from the neutron-star surface.
We fixed the inclination angle in the XMM-Newton observation to be the same as in the
Suzaku observation since it can not be well constrained; the corresponding fitting results
with reflection of the Comptonised component are shown in Table 3.2.
As shown in Table 3.2, kTBB and the inner radius of the disc, Rin, follow the same
trend as in the fits with the kyrline model: kTBB increases from 1.80±0.01 keV to
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Table 3.2: Best-fitting results for the reflection model. We fixed the inclination angle in
the XMM-Newton observation to the value in the Suzaku observation since this parameter
in the XMM-Newton observation can not be constrained. Here we give the unabsorbed
flux (erg cm−2 s−1) in the energy range 0.5− 100 keV.
Model Comp Parameter XMM-Newton Suzaku
phabs NH (1022cm−2) 4.39±0.02 4.36±0.04
bbody kTBB(keV) 1.80±0.01 2.41±0.06
Norm (10−3) 6.5±0.1 7.6±0.3
Flux (10−10) 5.9±0.2 6.3±0.2




Flux (10−10) 39.1+4.2−0.2 17.5+2.1−1.5
kerrconv β 3.6+1.0−0.7 3.4+2.3−0.5
incl (◦) 33 33±2
Rin(Rms) 3.05+0.64−0.24 1.73+0.51−0.26
rfxconv Ωrefl -0.24±0.02 -0.33±0.08
log ξ 3.29±0.09 3.70±0.21
Flux (10−10) 8.7±0.4 6.7±0.1
χ2ν(χ2/dof) 1.05 (184/175) 1.07 (3039/2838)
Total flux (10−10) 50.1+4.5−0.1 30.9±0.06
2.41±0.06 keV while Rin decreases from 3.05+0.64−0.24 Rg to 1.73+0.51−0.26 Rg from the XMM-
Newton observation to the Suzaku observation. Notice, however, that while the kTBB
values are similar in the fits with both models, Rin is systematically smaller in the fits
with kyrline than with the full reflection model. The power-law index, Γ, in nth-
comp is 2.043±0.003 in the XMM-Newton observation and then becomes 2.32±0.05 in
the Suzaku observation, while the electron temperature in the corona increases from
3.41±0.02 keV to 9.2±1.2 keV. The relative reflection normalization, Ωrefl, of the Comp-
tonised component is 0.24±0.02 and 0.33±0.08 in the XMM-Newton and Suzaku obser-
vation, respectively. The ionization parameter, log ξ, is 3.29±0.09 in the XMM-Newton
observation and 3.70±0.21 in the Suzaku observation. The total unabsorbed flux of the
XMM-Newton observation is 50.1+4.5−0.1×10−10 erg cm−2 s−1, and the flux of the nth-
comp is 39.1+4.2−0.2×10−10 erg cm−2 s−1. While these two fluxes in the Suzaku observation
are a bit lower, (30.9±0.06)×10−10 erg cm−2 s−1 and 17.5+2.1−1.5×10−10 erg cm−2 s−1, re-
spectively. The flux of the reflection component is (8.7±0.4)×10−10 erg cm−2 s−1 in the
XMM-Newton observation and (6.7±0.1)×10−10 erg cm−2 s−1 in the Suzaku observation.
3.6 Discussion
In this work we fitted one XMM-Newton plus simultaneous RXTE observation and one
Suzaku observation of the neutron-star LMXB 4U 1728–34. For the first time we used
a self-consistent model including two reflection components off the disc, either from the
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neutron-star surface or from the corona, to describe the spectra when the source was in
transitional state between the soft and the hard state. We found that current data is not
good enough to afford such a complicated model. We then fitted the spectra with the
two reflection components separately.
We found that the inclination angle of the 4U 1728–34 is 33±2 degrees from the results
of the Suzaku observation. This is the first time that this key parameter of the system has
been accurately measured. Egron et al. (2011) analyzed one XMM-Newton observation
of 4U 1728–34 with a reflection model and constrained the inclination angle of the system
to be larger than 44 degrees, which is a bit different from what we measure here. We
noticed that in Egron et al. (2011) the emissivity index and ionisation parameter in the
fits were frozen at β=2.8 and ξ=660 since these two parameters were unstable, probably
due to the lack of high energy (> 12 keV) data. This may be also the reason for the
difference of the inclination angle in this work and that of Egron et al. (2011). Besides, we
found that the inclination angle can not be constrained with the XMM-Newton data in
this work, consistent with the previous findings in Sanna et al. (2013). Sanna et al. (2013)
analyzed another neutron-star LMXB 4U 1636–53 using six XMM-Newton observations
in PN timing mode plus simultaneous RXTE observations and found high inclination
angles in the fits, inconsistent with the upper limit of the 60 degrees deduced from the
absence of the eclipses in 4U 1636–53. They suggested that the PN timing mode data
may be affected by some calibration issues, which leads to high inclination angle in the
fits. The same may be true here.
The fitting results show that the nthcomp component dominated the whole energy
spectrum in both the XMM-Newton and Suzaku observations when the source was in the
transitional state. This agrees with the conclusion in Seifina & Titarchuk (2011) that the
energy spectrum of 4U 1728–34 in all states is dominated by the power-law component.
Seifina & Titarchuk (2011) investigated more than 120 RXTE observations of the 4U
1728–34, and they found that most of the soft thermal emission from the accretion disc
in 4U 1728–34 is reprocessed in the corona, thus the direct disc emission is weak. Our
finding is consistent with this scenario: the thermal emission from the disc in both the
XMM-Newton and the Suzaku observation is not required in the fits. Furthermore, the
absence of the disc emission can also be the consequence of the relatively high column
density, NH, of the interstellar medium along the line of sight to the source, which reduces
the number of soft disc photons that we observe, leading to a weak disc component in
the observed energy spectra.
The reflection fraction Ωrefl in the two observations suggests that less than 1/3 power-
law emission from the corona illuminates the disc and generates the reflection component
in 4U 1728–34 when the source is in the transitional state. Ωrefl increases from the XMM-
Newton observation to the Suzaku observation as the inner radius of the disc decreases.
This is consistent with the lamp post geometry of the corona (ref): As the accretion disc
moves inwards, the area of the accretion disc exposed to the corona along the symmetry
axis above the disc increases, thus the reflection fraction of the Comptonised photons off
the disc increases.
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4.1 Abstract
We detected millihertz quasi-periodic oscillations (QPOs) in an XMM-Newton observation of
the neutron-star low-mass X-ray binary 4U 1636−53. These QPOs have been interpreted as
marginally-stable burning on the neutron-star surface. At the beginning of the observation the
QPO was at around 8 mHz, together with a possible second harmonic. About 12000 s into
the observation a type I X-ray burst occurred and the QPO disappeared; the QPO reappeared
∼ 25000 s after the burst and it was present until the end of the observation. We divided the
observation into four segments to study the evolution of the spectral properties of the source
during intervals with and without mHz QPO. We find that the temperature of the neutron-star
surface increases from the QPO segment to the non-QPO segment, and vice versa. We also find
a strong correlation between the frequency of the mHz QPO and the temperature of a blackbody
component in the energy spectrum representing the temperature of neutron-star surface. Our
results are consistent with previous suggestions that the occurrence and frequency of the mHz
QPOs depend on the release of energy accumulated in the crust into the layer in which the
accreted material is burnt.
4.2 Introduction
A class of quasi-periodic oscillations (QPOs) at frequencies of a few mHz were first
detected by Revnivtsev et al. (2001) in three neutron-star low-mass X-ray binaries
(LMXBs), 4U 1608–52, 4U 1636–53, and Aql X-1. The low frequency range (7 − 9
mHz) spanned by these QPOs, and the strong flux variations at low photon energies (<
5 keV), made them different from other QPOs found in neutron star systems, e.g., the
kilohertz (kHz) QPOs (see, e.g., van der Klis 2000; Méndez 2000; Méndez et al. 2001;
Belloni et al. 2005; Linares et al. 2005; Jonker et al. 2005; Boutloukos et al. 2006; Méndez
2006; van der Klis 2006; Altamirano et al. 2008b; Sanna et al. 2010) and Low-frequency
QPOs (see, e.g., Wijnands & van der Klis 1999; Psaltis et al. 1999; Belloni et al. 2002; van
Straaten et al. 2002, 2003; van der Klis 2004; Altamirano et al. 2005, 2008a, 2012). The
mHz QPOs appear only when the source covers a particular range of X-ray luminosities,
L2−20keV ' (5 − 11) × 1036 ergs s−1, and the QPOs become undetectable after a type I
X-ray burst (Revnivtsev et al. 2001; Altamirano et al. 2008c).
Revnivtsev et al. (2001) proposed that the mHz QPOs were due to a special mode of
nuclear burning on the neutron star surface, which only occurs within a certain range of
mass accretion rate. Yu & van der Klis (2002) found that in 4U 1608–52 the frequency of
the kHz QPO was anti-correlated with the 2− 5 keV X-ray count rate associated with a
7.5 mHz QPO present in the same observation. This result further supported the nuclear
burning interpretation of the mHz QPOs: The inner disc is slightly pushed outward in
each mHz QPO cycle by the stresses of radiation coming from the neutron star surface
as the luminosity increases.
Heger et al. (2007) proposed that the mHz QPOs are due to marginally stable nu-
clear burning of Helium on the surface of accreting neutron stars. The characteristic
timescale of the oscillations in this model is close to the geometric mean of the thermal
and accretion timescales for the burning layer, (ttherm × taccr)1/2, about 100 seconds,
remarkably consistent with the 2 minutes period of the mHz QPOs. Notwithstanding,
the marginally stable burning in the model of Heger et al. (2007) occurs only within a
narrow range of mass accretion rate, close to the Eddington rate, one order of magnitude
higher than the value implied by the average X-ray luminosity. If the model is correct,
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the local accretion rate at the burning depth can be higher than the global accretion
rate.
Altamirano et al. (2008c) found that the frequency of the mHz QPO in 4U 1636–
53 systematically decreases with time until the QPO disappears before a type I X-ray
burst. This behaviour further supported the idea that the mHz QPOs are closely related
to nuclear burning on the neutron star surface. In addition, the work by Altamirano
et al. (2008c) offered a way to predict the occurrence of X-ray bursts by measuring the
frequency of the mHz QPOs. Linares et al. (2010) detected a mHz QPO at a frequency
of about 4.5 mHz in the neutron star transient source IGR J17480-2446 in the globular
cluster Terzan 5. The persistent luminosity of this source when mHz QPOs were observed
was L2−50keV ∼ 1038 erg s−1, about an order of magnitude higher than that observed
in previous mHz QPO sources. Linares et al. (2012) found that in IGR J17480-2446 the
thermonuclear bursts smoothly evolved into a mHz QPO when accretion rate increased,
and vice versa. This evolution is predicted by the one-zone models and simulations of
the marginally stable burning by Heger et al. (2007), further supporting the idea that
the mHz QPO in IGR J17480-2446 is due to marginally stable burning on the neutron
star surface.
Keek et al. (2009) showed that turbulent chemical mixing of the accreted fuel com-
bined with a higher heat flux from the crust is able to explain the observed critical
accretion rate at which mHz QPOs are observed, and that the frequency drift before X-
ray bursts could be due to the cooling of the deep layers where the quasi-stable burning
takes place. Furthermore, Keek et al. (2014) investigated how the transition between
unstable and stable nuclear burning is influenced by the composition of the accreted
material and nuclear reaction rates, and concluded that no allowed variation in accretion
composition and reaction rate is able to generate a transition between burning regimes
at the observed accretion rate.
4U 1636–53 is a neutron-star LMXB with a 0.4 M star companion, located at a
distance of about 6 kpc (Galloway et al. 2006). Its orbital period is about 3.8 hr (Pedersen
et al. 1982), and the system harbours a neutron star with a spin frequency of 581 Hz
(Zhang et al. 1997; Strohmayer 2002). In addition to the mHz QPOs, the source shows
all kinds of X-ray bursts (Galloway et al. 2006; Zhang et al. 2011) and also the full range
of spectral states (Di Salvo et al. 2003; Belloni et al. 2007; Altamirano et al. 2008a),
making it an excellent candidate to explore the relation between the mHz QPOs and
X-ray bursts, and also the spectral properties of the source in the mHz QPO cycle.
Since they are likely related to nuclear burning on the neutron star surface, the
spectral and timing analysis of the mHz QPOs provides an insight into the their origin
and the process of marginally stable nuclear burning on the accreting neutron star surface.
In this work, we investigate the frequency behaviour of the mHz QPO before an X-ray
burst, and the reappearance of the QPO after the burst using one XMM observation. We
also study the properties of the source spectrum in different segments with and without
mHz QPO before and after the X-ray burst.
4.3 Observation and data reduction
We used an XMM-Newton observation of 4U 1636–53 (ObsID 0606070301) performed on
September 5, 2009. The data were collected with the European Photon Imaging Camera,
EPIC-PN, using the Timing mode, with a total duration of 43200 seconds.
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Figure 4.1: Light curve of 4U 1636–53 with XMM-Newton PN in the 0.8−11 keV range.
The time resolution is 10 seconds. Each segment is marked with the name (S1-S4) in the
plot; The red vertical lines indicate the borders between the segments. A type I X-ray
burst happens at about 12000 s from the start of the observation.
We reduced the data using the Science Analysis System (SAS) version 13.5.0, with
the latest calibration files applied. We fixed some time jumps in the raw event file due
to a duplicated packet in the first extension of the EPIC-PN AUX ODF file, following
the recommendation of the XMM-Newton EPIC Calibration group. We applied the
Rate-Dependent PHA (RDPHA) correction via the command epproc to account for
the energy scale rate dependence in EPIC-PN Timing mode exposures when producing
the calibrated event file. Following the recommendation of the EPIC calibration group,
we did not apply the epfast correction, since this one was superseded by the RDPHA
correction. We used the command barycen to convert the arrival time of each photon
to the barycenter of the solar system. We found that there was moderate pile up in the
observation, and therefore we excluded the central two columns (RAWX=[37,39]) of the
PN CCD in the analysis to mitigate these effects. For all light curves and spectra in this
work we only selected single and double events (pattern ≤ 4) for extraction.
4.3.1 Spectral data
We excluded the events at the edge of the CCD and next to a bad pixel (flag = 0) to
produce the spectra. We generated the redistribution matrix file (RMF) and the ancillary
response file (ARF) using rmfgen and arfgen, respectively, for the latter using the
extended point spread function (PSF) model to calculate the encircled energy correction.
Since the whole region of the CCD was contaminated by source photons, we extracted the
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Table 4.1: Information for the four segments in which we divided the XMM-Newton
observation of 4U 1636−53.
Segment number Length (ks) Exposure time (ks)1 Average count rate2 mHz QPO
S1 12 11.69 331±20 Yes
S2 12.36 11.38 338±20 No
S3 12.95 11.92 342±19 No
S4 3.49 3.427 342±20 Yes
(1) The final exposure time excludes X-ray bursts, background flares and instrument dropouts.
(2) Here we give the standard deviation of the count rate (counts s−1) in each segment.
background spectrum from another timing mode observation of the black-hole candidate
GX 339–4 (ObsID 0085680601) when the source was in quiescence, on the basis of similar
sky coordinates and column density along the line of sight (For more details on the
methodology used for the extraction of the background spectrum, please refer to Hiemstra
et al. (2011) and Sanna et al. (2013)). Finally, we rebinned the spectra to have at least 25
counts per background-subtracted channel, with an oversampling of the energy resolution
of the PN detector of a factor of 3.
4.3.2 Timing data
We generated a 1-s resolution light curve (we show a 10-s resolution light curve in Figure
4.1 for clarity) and an average power spectrum (Figure 2) of the whole observation
in the 0.8-11 keV range, after excluding instrument dropouts and an X-ray burst that
took place ∼ 12000 s from the start of the observation. To produce the average power
spectrum of the observation, we calculated the Fourier transform of intervals of 512-s
duration using the command sitar_avg_psd in the ISIS Version 1.6.2-27, and rebinned
the average power density spectrum logarithmically via the command sitar_lbin_psd.
The frequency range of the power spectrum is from 1.95×10−3 to 0.5 Hz. A strong QPO
at about 7−8 mHz and its second harmonic are apparent in the power spectrum (see
Figure 2).
To account for the possible evolution of the frequency of this QPO, which we call the
mHz QPO, we divided the observation into 71 overlaping time intervals and calculated a
dynamic power spectrum oversampling the frequency scale by a factor of 100 using the
Lomb-Scargle periodogram method (Lomb 1976; Scargle 1982). Each time interval in
the dynamic power spectrum was 1130 seconds long, with the next interval starting 565
s after the start time of the previous interval. We set the count rate of bad time intervals
due to the X-ray burst and instrument dropouts in the light curve to the average count
rate (340 counts s−1), the final dynamic power spectrum is shown in Figure 3.
From Figure 3 it is apparent that the mHz QPO is present only at the beginning and
at the end of the observation. Guided by this plot, we divided the whole observation into
four segments, three of them (S1−S3) of similar length (∼12000 s), and the last one (S4)
covering the remaining ∼ 3500 s of the observation. The QPO is present in the first and
the last segments (S1 and S4), while it is not detected in the second and third ones (S2
and S3; see §3.1). We extracted a light curve and an average power spectrum from each
segment; the details of the four segments are listed in Table 5.1.
We further divided the first segment, before the X-ray burst, into three subsegments,
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Figure 4.2: Average power spectrum of the total observation of 4U 1636–53 in the
0.8−11 keV range, calculated from the PN light curve at 1-second resolution. The power
spectrum was rebinned logarithmically for clarity. A significant QPO at about 7−8 mHz
and its harmonic signal are apparent in the plot.
S1a, S1b and S1c, according to the behaviour of the QPO frequency, and generated
one light curve for each subsegment. The time intervals of each subsegment were S1a:
0 − 3954 s, S1b: 3954 − 7344 s and S1c: 7344 − 11579 s, respectively, from the start of
the observation (MJD=55079.05539).
We fitted the total average power spectra using the model constant+lorentz+lor
entz. The constant describes the Poisson noise level, and the first lorentz compo-
nent represents the QPO around 7−8 mHz, while the second one represents its second
harmonic component. We linked the frequency and width of the second lorentz com-
ponent to be the double and the same as in the first lorentz component, respectively.
For segments 2 and 3, where no QPO is detected, we fitted the average power spectra
using the model constant+lorentz to calculate the upper limit of the rms amplitude
of the QPO. We fixed the frequency and the width of the lorentz component to be
the values in the total observation since they are poorly constrained due to the short
time ranges (<12000 s). For the three subsegments and the last segment, due to their
limited observational time span (≤4500 s), we explored the timing properties of the QPO
from the light curves: We fitted the light curve of each independent 1130 s time interval
in S1 and S4 using a model consisting of a constant plus a sine function. And then we
calculated the average frequency and its standard deviation in S1a, S1b, S1c and S4 from
the frequencies in the corresponding intervals. Furthermore, we used average frequency
to generate a folded light curve for each subsegments and the last segment, and derived
the rms amplitude from the fits of the folded light curves.
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Figure 4.3: Dynamic power spectrum of the XMM-Newton observation of 4U 1636–53.
The gray vertical line indicates the time of an X-ray burst in the observation. Each
column represents the power spectrum extracted from a time interval of 1130 seconds
with the starting time of each segment set to 565s after the starting time of the previous
segment. The frequency scale was oversampled by a factor of 100 using the Lomb-Scargle
periodogram to display the evolution of the mHz QPO frequency. The count rate in bad
time intervals due to the X-ray burst and instrument dropouts was fixed at average count
rate of 340 counts s−1. In total, there are 71 power spectra shown in the plot. The colour




In Figure 4.1 we plot the light curve of the observation. The length of the light curve
is about 40800 s, with an average count rate of about 340 counts s−1. In Figure 2 we
show the average power spectrum of the total observation. We found a strong QPO
at around 7−8 mHz and a possible second harmonic component at ∼ 15 mHz. In the
dynamic power spectrum we detect the mHz QPO and the second harmonic from the
start of the observation until an X-ray burst occurs (around 12000 s in the plot). After
the burst, the mHz QPO disappears for about 25300 seconds, and then reappears in the
last 3490 seconds of the observation. We estimated the significance of the signal against
the hypothesis of white noise via the Lomb-Scargle method. The false alarm probability
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Table 4.2: Parameters of the QPO in the first three subsegments (S1a, S1b and S1c) and
the last segment of the observation of 4U 1636−53. Here we give the standard deviation
of the average frequency due to its large variation in the subsegments. All errors and
upper limits in the Tables are, respectively, at the 90% and 95% confidence level unless
otherwise indicated.





of the QPO detection (without considering the harmonic) in the total observation is
2.21×10−8, while the probability is 5.24×10−19 for segments 1 and 4.
For the total observation, the central frequency of the lorentz component is 7.2+0.4−0.2
mHz, with a full-width at half maximum of 2.3+1−0.7 mHz. The rms amplitude is 1.11±0.31%,
which is consistent with the previous measurements (Revnivtsev et al. 2001; Altamirano
et al. 2008c), although note that Revnivtsev et al. (2001) and Altamirano et al. (2008c)
used RXTE data which samples > 3 keV range, while we use 0.8−11 keV here. In seg-
ments 2 and 3, where no QPO is significantly detected, the 95% upper limit of the rms
amplitude is 0.49% and 0.40%, respectively. The average frequency of the mHz QPO
decreases from 8.3 mHz in S1a to 6.7 mHz in S1b, and increases slightly to 6.9 mHz in the
S1c, before the X-ray burst. After the burst, the QPO reappears at an average frequency
of 9.4 mHz in segment 4. The rms amplitude of the QPO increases from 0.80±0.10%
in S1a to 2.27±0.10% in S1c, and then decreases to 1.34±0.10% in segment 4, when it
reappears ∼ 25000 s after the X-ray burst. The parameters of the mHz QPO are given
in Table 4.2.
4.4.2 Spectral results
In all our fits, we first tried either a single thermal component (blackbody or disc),
or a single Comptonised component to describe the continuum; the results, however,
showed that the spectra could not be well fitted with only one of those component.
We found that both a thermal and a Comptonised component were necessary to fit
the continuum, whereas two thermal components plus a Comptonised component (e.g.,
Sanna et al. 2013; Lyu et al. 2014) was too complex a model given the quality of the
data. For the thermal component either a blackbody or an accretion-disc model could
fit the data well. We used either the bbody component in XSPEC to describe the
combined thermal emission from the neutron star surface and its boundary layer, or the
diskbb component (Mitsuda et al. 1984; Makishima et al. 1986) to model the multi-
temperature thermal emission from an accretion disc. The Comptonised component was
modelled by nthcomp (Zdziarski et al. 1996; Życki et al. 1999), which describes the
emission originating from the inverse Compton scattering process in the corona, with the
seed thermal photons coming either from the accretion disc or the neutron star surface
(plus boundary layer). In this work we chose the disc as the source of seed photons
for the scattering in the corona (Sanna et al. 2013; Lyu et al. 2014). We also included
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the component phabs in all our models to account for absorption from the interstellar
material along the line of sight. For this component we used the solar abundance table
of Wilms et al. (2000) and the photoionization cross section table of Verner et al. (1996).
We added a 0.5 % systematic error to the model.
After fitting the spectra with these continuum models in all cases we found significant
residuals around 6 − 7 keV (see Figure A.1), where possible emission from an iron line
is expected (Sanna et al. 2013; Lyu et al. 2014), we therefore added a line component to
the model with the central energy of the line constrained to the range 6.4 − 6.97 keV. We
first used a Gaussian line to estimate some general properties of the iron line. The fitted
width of the line (σ) was between 1.1 keV and 1.6 keV, indicating that a broadening
mechanism was required to explain the line profile. We therefore also used the emission
line model, kyrline (Dovčiak et al. 2004), instead of the Gaussian to fit the iron line.
The kyrline component describes a relativistic line from an accretion disc around a
black hole with arbitrary spin. In this work we fixed the spin parameter at 0.27, which
was derived from the spin frequency of the neutron star (see Sanna et al. (2013) and
Lyu et al. (2014) for details), while the outer radius of the disc was fixed at 1000GM/c2,
where G is the gravitational constant, M is the mass of neutron star and c is the speed
of light.
We noticed that there was a small, but significant, change of the power law index,
Γ, and the column density, NH , when we fitted the spectra with either of the two dif-
ferent iron line models (gauss or kyrline). Those changes further led to differences in
the normalization of the components and the electron temperature in nthcomp, which
followed the same trend as a function of segment number regardless of the model we
used to fit the line, but with the trends shifted from one model to the other. We there-
fore decided to fit the same data with the two line models simultaneously, linking some
parameters between the fits with the two models. As shown in Table 4.3, the param-
eter NH in phabs was set to be the same for all segments and both models. For the
nthcomp component, considering that we lacked data above 12 keV, and to avoid the
degeneracy of model parameters in different components, we set the power-law index and
electron temperature of the corona, kTe, to be the same for the two line models and all
segments. When we used nthcomp + bbody to fit the continuum, the temperature of
the seed photons from the disc, kTdbb, was also linked to be the same between models
and segments. The inclination angle, θ, in the kyrline component was linked to be the
same for all the segments. Other parameters (see Table 4.4 and Table 4.6) were left free
between models and segments.
To summarise: We used two models, nthcomp + bbody or nthcomp + diskbb,
to fit the continuum, and either a gauss or kyrline component to describe the iron
emission line for the spectra of the four segments. Besides, we fitted all spectra with the
two line models simultaneously, linking some parameters between the models and the
segments.
Here we only describe the main results of the fit with the bbody component; other
results of the fit with this model are shown in Appendix A. The results of the fit with
the diskbb component are shown in Appendix B.
In Figure 4.4 we plot the evolution of the temperature and unabsorbed flux (0.5 −
130 keV) of the bbody component for the four segments. The blackbody temperature,
kTbb, first increases from 0.56±0.01 keV to 0.67±0.01 keV from segment 1 to segment 3,
and then decreases to 0.64±0.01 keV in the last segment (all errors represent the 90%
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Table 4.3: Fitting results of 4U 1636−53, linked parameters. Values and errors in the
Tables are round off to the first or the second decimals.
Model comp Parameter Four segments Three subsegements
bbody + nthcomp∗ diskbb + nthcomp∗ bbody + nthcomp
phabs NH(1022) 0.38+0.01−0.02 0.27±0.01 0.392+0.004−0.03
kyrline θ (deg) 86.2±0.9 85.9±1.1 86.5+1.0−0.2
nthcomp Γ 1.88±0.01 2.16+0.02−0.07 1.92±0.01
kTe(keV ) 3.08±0.08 5.5+0.6−1.1 3.29+0.2−0.01
kTdbb(keV ) 0.24+0.07−0.02 -[ 0.22
+0.03
−0.01
χ2ν (χ2/dof) 1.09 (1463/1347) 1.16 (1568/1348) 1.01 (1017/1002)
∗ We used two model combinations, nthcomp + bbody and nthcomp + diskbb, to fit the continuum
of the four segments.
[ The temperature of the diskbb component, not linked in the fit, is therefore shown in Table 4.6.
Figure 4.4: Temperature (upper panel) and unabsorbed flux (lower panel) of the black-
body component in the 0.5 − 130 keV range for 4U 1636−53 as a function of segment
number for the XMM-Newton observation. The model bbody+nthcomp was used to fit
the continuum. Different colours/symbols show the results of fits with different models
to the iron line, as indicated in the legend, with Kyrline-0.27 representing the results
when we fitted the line with a kyrline model with the spin parameter fixed to 0.27. In
this and other plots an offset in the x-axis between the results of the two iron line models
has been added for clarity. Error bars in this and the other plots correspond to the 1-σ
confidence range.
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Table 4.4: Fitting results of the four segments of 4U 1636−53 using the continuum
model bbody+nthcomp, unlinked parameters. We fit the four segments with two iron
line models simultaneously (see text for more details); the χ2ν (χ2/dof) of the fit is 1.09
(1463/1347).
Model comp Parameter S1 S2 S3 S4
bbody kT (keV) 0.56±0.01 0.65±0.01 0.67±0.01 0.64±0.01
Normalization (10−3) 7.2±0.4 6.6±0.3 7.1±0.2 7.8±0.3
nthcomp Normalization 0.87±0.03 0.91±0.03 0.91±0.02 0.90±0.05
kyrline Rin (RG) 11.5±2.3 5.12+0.27−0 5.12+0.12−0 5.12+0.41−0
Eline (keV) 6.97+0−0.15 6.59±0.14 6.60±0.09 6.85±0.12
α 3.2±0.5 2.8±0.2 2.8±0.2 2.6±0.2
Normalization (10−3) 4.7±0.6 9.3±0.7 11.5±0.8 9.9±1.2
bbody kT (keV) 0.56±0.01 0.64±0.01 0.67±0.01 0.64±0.01
Normalization (10−3) 7.3±0.4 6.9±0.3 7.4±0.3 8.0±0.4
nthcomp Normalization 0.87±0.03 0.90±0.03 0.91±0.03 0.89±0.05
gauss Eline (keV) 6.97+0−0.08 6.78±0.17 6.84±0.13 6.97+0−0.12
σ (keV) 1.1±0.1 1.6±0.2 1.5±0.1 1.5±0.2
Normalization (10−3) 5.1±0.8 11.3±1.9 13.7±1.8 11.8±1.9
confidence range). It appears that kTbb increases from the QPO segment to the non-QPO
segment (from S1 to S2), and vice versa (from S4 to S3).
The best fitting parameters to the spectra of the four segments using bbody to fit the
soft component are shown in Table 4.3 (linked parameters: NH , Γ, kTe, θ and kTdbb) and
Table 4.4 (unlinked parameters), respectively. All errors and upper limits in the Tables
are, respectively, at the 90% and 95% confidence level, unless otherwise indicated.
As mentioned in §2.2, we divided the first segment into three subsegments, and we
analysed the spectra of S1a, S1b and S1c in the same way as we did for the four segments,
except that here we only used the nthcomp + bbody model to describe the continuum,
since the mHz QPOs are regarded to be connected to marginal stable burning on the
neutron star surface (see §1). The best fitting parameters to the spectra of the three
subsegments are given in Table 4.3 (linked parameters: NH , Γ, kTe, θ and kTdbb) and
Table 4.5 (unlinked parameters), respectively.
In Figure 4.5 we plot the blackbody temperature, kTbb, vs. subsegment number. The
blackbody temperature is 0.60±0.01 keV for the gauss (0.60±0.02 keV for the kyrline)
in the S1a, it decreases to 0.58±0.01 keV (0.57±0.02 keV for the kyrline) in S1b, and
finally it changes to 0.59±0.01 keV (0.59±0.02 keV for the kyrline) in the S1c.
In Figure 4.6 we show the relation between the average frequency of the mHz QPO
and the temperature of the blackbody component in the three subsegments and the
last segment, where the QPO reappears after the burst. Considering the variation of
the frequency in the first subsegment, we plot the standard deviation of the average
frequency as error bars in the plot. This Figure shows a clear correlation between the
average frequency of the QPO and the temperature of the blackbody component, the
correlation coefficient between the frequency and the temperature is 0.95.
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Table 4.5: Fitting results of the first three subsegments of 4U 1636−53 using the
continuum model bbody+nthcomp, unlinked parameters. We fit the three subsegments
with two iron line models simultaneously (see text for more details); the χ2ν (χ2/dof) of
the fit is 1.01 (1017/1002).
Model comp Parameter S1a S1b S1c
bbody kT (keV) 0.60±0.02 0.57±0.02 0.59±0.02
Normalization (10−3) 7.7±0.4 7.2±0.2 7.18+0.5−0.06
nthcomp Normalization 0.91±0.04 0.90±0.03 0.91+0.01−0.06
kyrline Rin (RG) 5.12+1.28−0 5.12+0.52−0 10.0+0.3−1.6
Eline (keV) 6.46±0.08 6.5±0.1 6.97+0−0.24
α 2.9±0.2 2.5±0.2 3.9±0.3
Normalization (10−3) 10.23+0.8−0.02 7.3+1.2−0.3 7.5±1.0
bbody kT (keV) 0.60±0.01 0.58±0.01 0.59±0.01
Normalization (10−3) 7.8±0.5 7.2±0.3 7.4±0.2
nthcomp Normalization 0.90+0.01−0.06 0.90+0.01−0.06 0.90±0.03
gauss Eline (keV) 6.77+0.07−0.04 6.79+0.07−0.1 6.88+0.09−0.2
σ (keV) 1.37+0.1−0.03 1.19+0.07−0.2 1.34+0.09−0.01
Normalization (10−3) 10.5+1.4−0.6 7.1+1.5−0.1 8.94+1.5−0.3
Figure 4.5: Temperature of the blackbody component in 4U 1636−53 for the first
three subsegments (S1a, S1b and S1c) of the XMM-Newton observation. The model
bbody+nthcomp was used to fit the continuum. Symbols are the same as in Figure
4.4.
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Figure 4.6: Average frequency of the mHz QPO vs. the temperature of the blackbody
component for the first three subsegments and the last segment of the observation of 4U
1636−53. The model bbody+nthcomp was used to fit the continuum. Here we plot
the standard deviation of the average frequency. We added an offset of 0.008 keV to the
temperature of the blackbody component in the case of gauss model for clarity. Symbols
are the same as in Figure 4.4. We use an "X" symbol in black and a filled circle in cyan
to show the results of the kyrline and the gauss iron line model for the segment 4,
respectively.
4.5 Discussion
We report the first detection of a mHz quasi-periodic oscillation (QPO), in the neutron-
star LMXB 4U 1636–53, with XMM-Newton. At the beginning of the observation the
frequency of the mHz QPO was ∼8.3 mHz, and then the frequency slowly decreased
to below ∼7 mHz. At the time of ∼12000 s an X-ray burst occurs, the mHz QPO
disappears, and it subsequently reappears about 25300 s later at a frequency of ∼9.4
mHz. This is the longest time interval so far measured between the disappearance and
reappearance of mHz QPO in any LMXB. The 0.8− 11 keV rms amplitude of the QPO
increases from 0.80±0.06% in S1a to 2.27±0.06% in S1c just before the X-ray burst, and
decreases to 1.34±0.06% when the QPO reappears after the burst. Finally, we discovered
a strong correlation between the frequency of the mHz QPO and the temperature of the
neutron-star surface, represented by a blackbody component in the energy spectrum of
the source.
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Using RXTE observations, Altamirano et al. (2008c) found that the mHz QPOs in
4U 1636–53 occur only when the source is in certain spectral states: When the source is
in an intermediate spectral state, close to the transition between the soft and the hard
state (see Figure 1 in Altamirano et al. 2008c), 4U 1636–53 exhibits mHz QPOs with
frequencies that systematically decrease with time from ∼15 mHz to around 7− 9 mHz,
and at that frequency the QPOs disappear simultaneously with the occurrence of a Type
I X-ray burst. When 4U 1636–53 is in a softer state, the oscillations show no frequency
drift, and the frequency is always constrained between ∼7 and ∼9 mHz.
The QPO we found in the XMM-Newton observation of 4U 1636–53 shows a frequency
drift, from ∼8.3 mHz to ∼7 mHz, and disappears after the Type-I X-ray burst onset.
As previously reported by Sanna et al. (2013) and Lyu et al. (2014), the XMM-Newton
observation analysed in this paper (Obs.5 in Sanna et al. 2013) sampled the transition
between the soft state and the hard state of 4U 1636–53 (see Figure 2 in Sanna et al.
2013). Our results are therefore consistent with the picture that frequency drifts of the
mHz QPOs are only observed in the state transition.
Altamirano et al. (2008c) also showed that the time interval required to detect the
mHz QPOs after an X-ray burst is not always the same, and it is independent of the
spectral state of the source. However, due to gaps in the RXTE observations, they could
not exclude waiting times as short as ∼1000 s. Molkov et al. (2005) observed a ∼10 mHz
oscillations in the LMXB SLX 1735–269 that reappeared during the decaying phase of an
X-ray burst, just ∼400 s after the peak of the burst. At the other extreme, Altamirano
et al. (2008c) found that no mHz QPOs were detected during the ≈15 ks of uninterrupted
data after an X-ray burst in 4U 1636–53, setting a lower limit on the longest waiting
time for this source. In this paper, and thanks to the ability of XMM-Newton to carrying
out long observations without data-gaps, we find a waiting time of ∼25300 s between an
X-ray burst and the reappearance of the mHz QPO, the longest waiting time so far.
Standard theory predicts that helium burning via the triple-alpha process takes place
when the accretion rate is close to the Eddington limit (Fujimoto et al. 1981; Ayasli & Joss
1982). If the accreted matter is hydrogen-deficient, the transition is expected to take place
at an even higher accretion rate (Bildsten & Cumming 1998). 4U 1636–53 accretes at few
percent of Eddington; however if local mass accretion rate per unit area is m˙ ' m˙Edd,
as suggested by Heger et al. (2007), only ≈ 1000 seconds are required to accrete a fuel
layer of column depth yf capable of undergoing marginally stable burning (assuming
that none of the accreting fuel is burnt, yf ≈ 108 g cm−2, and m˙ ≈ 8×104 g cm−2 s−1;
see, e.g. Heger et al. 2007). Waiting times longer than 1000 s, and particularly as long as
∼25000 s, imply that at the observed luminosities either a large fraction of the accreted
fuel must be burnt as it accretes onto the neutron-star surface (e.g., van Paradijs et al.
1988; Cornelisse et al. 2003; Galloway et al. 2008; Altamirano et al. 2008; Keek et al.
2009, and references therein), or that only a small fraction of the accreted matter reaches
the neutron-star surface.
If hydrogen and/or helium can mix efficiently as mass is accreted onto the neutron
star, the conditions under which the fuel is burnt are different (e.g., Fujimoto 1993; Yoon
et al. 2004; Keek et al. 2009). Keek et al. (2009) studied the effect of rotationally induced
transport processes on the stability of helium burning. They found that as helium is
diffused to greater depths, the stability of the burning is increased, such that the critical
accretion rate for stable helium burning decreases and, combined with a higher heat
flux from the crust, turbulent mixing could explain the fact that mHz QPOs occur at
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(apparent) lower accretion rates. Furthermore, Keek et al. (2009) found that by lowering
the heat flux from the crust (effectively cooling the burning layer), the frequency of the
marginally-stable burning decreases. 4U 1636–53 shows mHz QPOs with systematically
decreasing frequencies right before a type I X-ray burst (Altamirano et al. 2008c). That
behaviour of the frequency is considered to be related to the heating of the deeper layers
of the neutron star. Here we find a strong correlation between the average frequency of
the mHz QPO and the temperature of the blackbody component in the energy spectrum.
It is worth mentioning that the blackbody temperature from the fits corresponds to the
effective temperature of the neutron-star photosphere rather than the temperature of
the burning layer on the neutron star surface. Besides, the blackbody temperature could
in fact be partly the temperature of the disc, since we do not fit a disc component and
a blackbody component separately, but just a blackbody component that accounts for
both components. If the temperature of the burning layer and that of the photosphere
are correlated, and the temperature of the disc remains more or less constant during our
observation, the frequency of the mHz QPO should be correlated with the temperature of
the burning layer. This is different from the prediction of the model of Heger et al. (2007),
in which the frequency is inversely proportional to the square root of the temperature
of the burning layer. On the other hand, a correlation between QPO frequency and
neutron-star temperature is consistent with the results of Keek et al. (2009): When the
burning layer is effectively cooled down, the frequency of the oscillations decreases by tens
of percents until a flash occurs. Interestingly, we find that the frequency-temperature
correlation holds also when the mHz QPO reappears after the burst. Additionally, the
model of Keek et al. (2009) could also explain why the mHz QPOs are not sensitive to
short-term variations in the accretion rate: The cooling could, for instance, be dominated
by the slow release of energy from a deeper layer that was heated up during an X-ray
burst (Keek et al. 2009).
Furthermore, Keek et al. (2009) found that the flux from the neutron-star crust,
Lcritical, at the transition between stable and unstable burning increases with increasing
accretion rate. This may offer a clue about the mechanism that triggers the reappearance
of the mHz QPO after the burst. As shown in Figure A.3, the total flux in segments 2
to 4, after the X-ray burst, is higher than the total flux in the first segment, before the
burst, indicating that the accretion rate may have increased after the burst. If Lcritical
in segment 1 is Llocritical, the increase of accretion rate after the X-ray burst would lead to
a higher value, Lhicritical, which in turn sets a higher threshold that needs to be overcome
for the mHz QPO to reappear. The flux of the blackbody component (lower panel in
Figure 4.4) in segment 1 is around 6.2×10−10 ergs cm−2 s−1; after the burst the flux
drops in segment 2, and after that it increases until the end of the observation. Only
segment 4 shows a blackbody flux that is significantly larger than the one in segment 1,
indicating that the heat flux from the crust in segment 4 may be as high as the value of
Lhicritical required for the mHz QPO to reappear. This scenario is also consistent with the
prediction of the standard theory: After an X-ray burst fuel on the neutron-star surface
becomes hydrogen-deficient, leading to a transition at a higher accretion rate.
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4.6 Appendix A: Other fitting results with a black-
body component
In Figure A.1 we show the fitting residuals of the spectra after removing the gauss line
model in the four segments; significant residuals are present around 6-7 keV. In Figure
A.2 we plot the inner radius of the disc, the emissivity index in the kyrline component,
the width of the gauss component and the energy of the line vs. segment number. The
inner radius of the disc is 11.5±2.3Rg (Rg = GM/c2) in the first segment, and then
decreases to its lower boundary, 5.12Rg, in the other three segments. The width of the
gauss component increases from 1.1±0.1 keV to 1.6±0.2 keV from the first to the second
segment, and then remains more or less constant at about 1.5 keV in segments 3 and 4.
The behaviour of the above two parameters is consistent with each other: if the disc is
close to the central object, the relativistic effects are stronger, leading to a broader line
profile. The emissivity index of the kyrline component decreases from about 3.2±0.5
to 2.6±0.2 from segments 1 to 4. The energy of the line, Eline, initially decreases from
6.97+0−0.15 keV (the upper bound is due to the fact that we do not allow the energy of the
line to go above 6.97 keV) in segment 1 to 6.59±0.14 keV (in the case of kyrline) or
6.78±0.17 keV (in the case of gauss) in the second segment, and then increases again.
In Figure A.3 we show the total unabsorbed flux (0.5−130 keV), the unabsorbed flux
of the nthcomp component and that of the iron line component as a function of the
segment number. The total flux increases from segment 1 to segment 2, and remains more
or less constant in the last three segments, while the flux of nthcomp increases from
the first segment to the second one, and then remains constant or decreases marginally.
The flux of the iron line appears to increase from S1 to S3, and then remains constant
or decreases slightly in the last segment.
4.7 Appendix B: Other fitting results with a disc com-
ponent
In Figure B.1 we plot the temperature of the disc vs. segment number. The temperature
of the disc is above 0.65 keV in the first and the last segments, where the mHz QPO is
detected, while it is below 0.64 keV for the other two segments.
In Figure B.2 we plot the inner radius of the disc, the emissivity index of the line
in the kyrline component, the width of the gauss component, and energy of the iron
line as a function of the segment number. The inner radius of the disc pegs at the lower
boundary, 5.12Rg, for all segments, while the emissivity index of the line marginally
decreases from about 2.7 in the first three segments to about 2.5 in the fourth one. The
width of the gauss component appears to decrease slightly in the first three segments,
and then increases to 1.5±0.2 in the last segment. The two line models show different
results of the energy of the line: The line is at about 6.9 keV in the first segment and then
pegs at 6.97 keV in the other segments for the gauss model, while in the kyrline case
the line is between 6.6 keV and 6.7 keV in the first three segments, and then increases to
∼ 6.9 keV in the last segment.
In Figure B.3 we plot the total unabsorbed flux, the unabsorbed flux of the diskbb,
the nthcomp and the iron line component vs. segment number. We find that the
total unabsorbed flux (upper panel) and the flux of the nthcomp (third panel from
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Table 4.6: Fitting results of four segments of 4U 1636−53 using the continuum model
diskbb+nthcomp; unlinked parameters. We fit the four segments with two iron line
models simultaneously (see text for more details); the χ2ν (χ2/dof) of the fit is 1.16
(1568/1348).
Model comp Parameter S1 S2 S3 S4
diskbb kT (keV) 0.66±0.02 0.60±0.03 0.61±0.03 0.67±0.02
Normalization 151.8+29.1−5.6 < 97.3∗ < 92.5∗ 90.4+38.2−17.7
nthcomp Normalization 0.67±0.05 0.83±0.01 0.83+0.01−0.06 0.73±0.06
kyrline Rin (RG) 5.12+0.18−0 5.12+0.21−0 5.12+0.20−0 5.12+0.43−0
Eline (keV) 6.65±0.07 6.69±0.11 6.62±0.09 6.88+0.09−0.1
α 2.7±0.1 2.7±0.2 2.7±0.2 2.5±0.2
Normalization (10−3) 11.4±0.8 10.5±0.8 11.3±0.8 10.6±1.3
diskbb kT (keV) 0.68±0.02 0.61±0.03 0.61±0.03 0.69±0.03
Normalization 164.2+24.7−11.0 < 103.3∗ < 80.2∗ 106.6+33.0−17.0
nthcomp Normalization 0.64±0.03 0.82+0.02−0.1 0.83+0.01−0.1 0.70±0.06
gauss Eline (keV) 6.88+0.09−0.12 6.97+0−0.10 6.97+0−0.05 6.97+0−0.06
σ (keV) 1.5±0.1 1.4±0.1 1.33 ±0.08 1.5±0.2
Normalization (10−3) 14.3±2.1 11.0±1.2 11.1±1.0 13.0±2.5
∗ The upper limit in segment 2 and 3 were calculated with the temperature of the diskbb
component being fixed at the values in segment 1 and 4, respectively.
the top) evolve in a similar way as in the case where we used bbody+nthcomp to fit
the continuum: Both fluxes first increase and then remain more or less constant or just
decrease slightly in the last segment. In the second panel from the top we show the flux
of the diskbb component: the component is formally not required in the fits of segments
2 and 3, where there are no mHz QPO present in the data. The upper limit of the flux of
the diskbb component for segments 2 and 3 is 1.51×10−10 and 1.15×10−10 erg cm−2 s−1,
respectively. In the lower panel, we show the flux of the iron line. In the case of gauss,
the flux of the line is slightly lower in segments 2 and 3 where there is no mHz QPO,
while in the kyrline case the flux of the line is more or less constant in all segments.
The best fitting parameters to the spectra of the four segments using diskbb to fit
the soft component are given in Table 4.3 (linked parameters: NH , Γ, kTe and θ) and
Table 4.6 (unlinked parameters), respectively.
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Figure A.1: Residuals in terms of sigmas for the spectra of the 4 segments for the
continuum model nthcomp + bbody plus a Gaussian line, after we set the normalisation
of the gauss component in the best fitting model to zero. From top to bottom the plots
correspond to the observations S1-S4.
Figure A.2: Inner disc radius (upper panel), emissivity index (second panel from the
top) in the kyrline component, width of the gauss component (third panel from the
top) and energy of the line component in 4U 1636−53 as a function of segment number.
The model bbody+nthcomp was used to fit the continuum. Symbols are the same as
in Figure 4.4 of the main body of the paper.
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Figure A.3: The total unabsorbed flux (top panel), the flux of the nthcomp component
(middle panel) and the iron line component (bottom panel) in the 0.5 − 130 keV range
for 4U 1636−53 as a function of segment number. The model bbody+nthcomp was
used to fit the continuum. Symbols are the same as in Figure 4.4.
Figure B.1: Temperature of the diskbb component in 4U 1636−53 as a function of
segment number for the XMM-Newton observation. The model diskbb+nthcomp was
used to fit the continuum. Symbols are the same as in Figure 4.4.
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Figure B.2: Inner disc radius (upper panel) and emissivity index (second panel from
the top) for the kyrline component, width of the gauss component (third panel from
the top), and energy of the line component (lower panel) in 4U 1636−53 as a function of
segment number. The model diskbb+nthcomp was used to fit the continuum. Symbols
are the same as in Figure 4.4.
4.7: Appendix B: Other fitting results with a disc component 75
Figure B.3: The total unabsorbed flux (top panel), unabsorbed flux of the diskbb
and nthcomp components (second and third panels from the top, respectively) in the
0.5 − 130 keV range for 4U 1636−53 as a function of segment number. The model
diskbb+nthcomp was used to fit the continuum. The arrows in the second panel show
the upper limit of the flux of the diskbb component in segments 2 and 3 where we did
not significantly detect emission from the disc. The lower panel shows the unabsorbed
0.5 − 130 keV flux of the iron line component in 4U 1636–53 as a function of segment
number. Symbols are the same as in Figure 4.4.
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5.1 Abstract
We investigate the spectral and timing properties of the millihertz quasi-periodic oscillations
(mHz QPOs) in neutron-star low-mass X-ray binary 4U 1636–53 using XMM-Newton and Rossi
X-ray Timing Explorer (RXTE) observations. The mHz QPOs in the XMM-Newton/RXTE ob-
servations show significant frequency variation and disappear right before type I X-ray bursts.
We find no significant correlation between the mHz QPO frequency and the temperature of
the neutron-star surface, which is different from theoretical predictions. For the first time we
observed the full lifetime of a mHz QPO lasting 19 ks. Besides, we also measure a frequency
drift timescale ∼15 ks, we speculate that this is the cooling timescale of a layer deeper than the
burning depth, possibly heated by the previous burst. Moreover, the analysis of all X-ray bursts
in this source shows that all type I X-ray bursts associated with the mHz QPOs are short, bright
and energetic, suggesting a potential connection between mHz QPOs and He-rich X-ray bursts.
5.2 Introduction
The millihertz quasi-periodic oscillations (mHz QPOs) in neutron-star low-mass X-ray bi-
naries (LMXBs) were first detected in 4U 1608–52, 4U 1636–53, and Aql X-1 by Revnivt-
sev et al. (2001). The mHz QPOs occur only within a narrow range of X-ray luminosities,
L2−20keV ' (5− 11)× 1036 ergs s−1, in the frequency range 7− 9 mHz with strong flux
variation below 5 keV. Besides, the mHz QPOs often disappear right before a type I
X-ray burst (Revnivtsev et al. 2001; Altamirano et al. 2008).
It has been proposed that the mechanism responsible for the mHz QPOs is connected
with some sort of nuclear burning on the neutron star surface. For instance, Revnivtsev
et al. (2001) suggested that the mHz QPOs resulted from a special mode of nuclear
burning on the neutron star surface when the source was within a certain range of mass
accretion rate. Heger et al. (2007) further proposed that the mHz QPOs were due to
marginally stable nuclear burning of Helium on the surface of accreting neutron stars,
with a predicted oscillation timescale of ∼100 s, consistent with the observed ∼2 minutes
period of the mHz QPOs.
Several results have strengthened the nuclear burning explanation of the mHz QPOs.
Yu & van der Klis (2002) detected mHz QPOs and kilohertz QPOs in the same ob-
servations of 4U 1608–52. The 2 − 5 keV X-ray count rate in the mHz QPO cycles was
anti-correlated with the frequency of the kilohertz QPOs. This result was consistent with
the nuclear burning origin of the mHz QPOs: As the luminosity increases, the stresses of
radiation coming from the neutron star surface push the inner disc outward so that the
frequency of the kilohertz QPOs decreases. Altamirano et al. (2008) found a systematic
frequency drift of the mHz QPO until the QPO disappeared before a type I X-ray burst
in 4U 1636−53, indicating a connection between the mHz QPOs and the unstable nuclear
reaction on the neutron star surface.
Linares et al. (2010) reported a new detection of mHz QPOs at ∼4.5 mHz in the
neutron star transient IGR J17480-2446 at a persistent luminosity L2−50keV ∼ 1038 erg
s−1, about one order of magnitude higher than observed in the previous mHz QPO
sources. In addition, Linares et al. (2012) found a transition between thermonuclear
bursts and mHz QPOs in this source: the X-ray bursts gradually evolved into the mHz
QPO as accretion rate increased, and vice versa. This behaviour was similar to the
prediction from the one-zone models and simulation results of the marginally stable
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burning of Heger et al. (2007), further confirming that the mHz QPO was connected
with marginally stable burning on the neutron star surface.
In the model of Heger et al. (2007), the required mass accretion rate for marginally
stable burning is ∼ M˙Edd, about ten times higher than the rate deduced by the average
X-ray luminosity (Revnivtsev et al. 2001; Yu & van der Klis 2002; Altamirano et al.
2008). Keek et al. (2009) found that the critical accretion rate at which mHz QPOs
were observed could be explained if they considered the turbulent chemical mixing of the
accreted fuel together with a higher heat flux from the crust. Furthermore, the cooling of
the deep layers also explains the observed frequency drifts before X-ray bursts. Recently,
Keek et al. (2014) investigated the influence of the chemical composition of the accreted
fuel and nuclear reaction rates on the marginally stable burning process; their results
showed that no allowed variation in accretion fuel composition and nuclear reaction rate
was able to produce marginally stable burning at the observed accretion rate.
Lyu et al. (2014a) found that the frequency of the mHz QPOs correlates with the
temperature of the neutron star surface in 4U 1636–53 using an XMM-Newton observa-
tion. This frequency-temperature correlation agrees well with the results of Keek et al.
(2009): As the burning layers cool down, the frequency of the oscillations decreases by
tens of per cents until a burst happens. Besides, Lyu et al. (2014a) found that the QPO
in that observation disappeared after one burst, and it subsequently reappeared ∼25.3
ks later, which was the longest reappearance time scale so far measured for a mHz QPO
in any LMXBs.
In this work we investigate the frequency-temperature correlation in the mHz QPO
cycle using XMM-Newton observations of the LMXB 4U 1636–53 to take a closer look into
the mechanism behind the mHz QPOs. Using simultaneous observations with the Rossi
X-ray Timing Explorer (RXTE), this is the first time that we are able to carry out a wide
energy band (0.8−100 keV) spectral analysis in the mHz QPO cycles. Furthermore, we
explored the possible relation between the mHz QPOs and the associated X-ray bursts,
which may provide a new way to investigate the origin of mHz QPOs. In Section 2 we
describe the observations and data analysis, and in Section 3 we present our main results.
Finally, we discuss the results in the framework of the marginally stable burning model
in Section 4.
5.3 Observations and data reduction
The three XMM-Newton observations of 4U 1636–53 that we use in this work were
performed with the European Photon Imaging Camera, EPIC-PN (Strüder et al. 2001)
in the timing mode, with a time resolution of 0.03 ms and in the energy band 0.5−12
keV. The three observations were taken between 2007 to 2009, with a total duration of
about 90 ks. We selected RXTE observations that were taken simultaneously with those
three XMM-Newton observations. The Proportional Counter Array (PCA; Jahoda et al.
2006) and the High Energy X-ray Timing Experiment (HEXTE; Rothschild et al. 1998)
onboard RXTE covered the energy range 2−60 keV and 15−250 keV, respectively. Both
the PCA and HEXTE data were included in this work in order to get a wide energy
band coverage. We also re-analyzed the XMM-Newton observation (ObsID 0606070301)
in Lyu et al. (2014a) with the latest calibration files, and selected the simultaneous RXTE
observation (ObsID 94310-01-03-000) for the spectral analysis.
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In this work, we used the Science Analysis System (SAS) version 14.0.0 for the XMM-
Newton data reduction, with the latest calibration files applied (as of April 2015). We
selected the Rate-Dependent PHA (RDPHA) method in the command epproc for the
correction of energy scale rate dependence in EPIC-PN Timing Mode exposures. We
applied the task barycen to convert the arrival time of photons from the local satellite
frame to the barycenter of the Solar system. We found that there was some moderate pile
up in all XMM-Newton observations according to the results of the epatplot test. We
finally selected a 10-column wide region centered at the position of the source, excluding
the central column for Obs 1 and the three central columns for the other observations.
We only selected single and double events (pattern ≤ 4) to extract spectra and light
curves.
Furthermore, we investigated all X-ray bursts of 4U 1636–53 detected by the PCA
(Jahoda et al. 2006) in order to explore the possible connection between mHz QPOs and
the associated X-ray bursts. For this we produced 0.25-s light curves from the Standard-1
data and searched for X-ray bursts in these light curves following the procedure described
in Zhang et al. (2011). A total of 338 type-I X-ray bursts have been detected in these
data.
We used the Standard-2 data to calculate the source X-ray colours. We defined soft
and hard X-ray colours as the 3.5− 6.0/2.0− 3.5 keV and 9.7− 16.0/6.0− 9.7 keV count
rate ratios, respectively (see Zhang et al. 2011, for details). We parametrized the position
of the source on the colour-colour diagram (CCD) by the length of a solid curve Sa (see,
e.g. Méndez et al. 1999; Zhang et al. 2011), fixing the values of Sa = 1 and Sa = 2 at
the top-right and the bottom-left vertex of the CCD, respectively.
The colour-colour diagram in Figure 1 shows that the four XMM-Newton observa-
tions were performed when the source was in the transitional state between the hard
and the soft spectral state. The details of the XMM-Newton and simultaneous RXTE
observations in this work are listed in Table 5.1.
5.3.1 Timing data
We extracted a 1-s resolution light curve1 in the 0.2−5 keV band and produced an
average power spectrum (Figure 2) for each XMM-Newton observation, after excluding
instrument dropouts and X-ray bursts. We used the ISIS Version 1.6.2-27 (Houck &
Denicola 2000) to compute the Fourier transform to intervals of 512-s duration using
the command sitar_avg_psd, in a frequency range of 1.95×10−3 to 0.5 Hz. To explore
the frequency evolution of the mHz QPO, we generated a dynamic power spectrum
with the frequency scale being oversampled by a factor of 100 using the Lomb-Scargle
periodogram method (Lomb 1976; Scargle 1982). The dynamic power spectra of the four
XMM-Newton observations are shown in Figure 3; each column in those plots represents
the power spectrum extracted from a time interval of 1130 seconds with the starting time
of each interval set to 565 s after the starting time of the previous one.
We fitted the light curves2 of each independent 1130 s time interval in the XMM-
Newton observations with a constant plus a sine function to map the frequency evolution
1 We did not exclude the central columns of the CCD to produce these light curves in order to retain
enough source photons for the detection of the mHz QPO in the power and dynamic power spectra.
2 We did exclude the central columns of the CCD to produce these light curves in order to measure
the frequency and rms amplitude of the QPO.
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Table 5.1: XMM-Newton / simutaneous RXTE observations of 4U 1636−53 used in
this work.
Observation Instrument Observation ID Start Time Length (ks)
Obs 1 XMM-Newton 0500350301 2007-09-28 15:43 30.6
RXTE 93091-01-01-000 2007-09-28 14:48 28.8
RXTE 93091-01-01-00 2007-09-28 22:48 9.5
Obs 2 XMM-Newton 0500350401 2008-02-27 04:14 38.6
RXTE 93091-01-02-000 2008-02-27 03:47 28.8
RXTE 93091-01-02-00 2008-02-27 11:47 10.0
Obs 3 XMM-Newton 0606070101 2009-03-14 15:11 23.8
RXTE 94310-01-01-02 2009-03-14 15:05 2.4
RXTE 94310-01-01-04 2009-03-14 16:40 4.0
RXTE 94310-01-01-00 2009-03-14 18:18 13.4
Obs 4∗ XMM-Newton 0606070301 2009-09-05 01:57 40.9
RXTE 94310-01-03-000 2009-09-05 01:17 23.2
∗ We re-analysed the spectral properties of this observation in this work. For the
timing properties of this observation, please refer to Lyu et al. (2014a).
of the mHz QPO accurately. The frequency behaviour of the mHz QPO in the XMM-
Newton observations is shown in Figure 4. Furthermore, in order to explore the possible
mechanism responsible for the variation of the QPO frequency, for each XMM-Newton
observation we divided the intervals with mHz QPO into several segments according to
the frequency of the QPO (Figure 4), and calculated the average frequency and average
rms amplitude of the QPO in each segment; the details of the segments are listed in
Table 5.2. For the timing reduction and analysis of the Obs 4, please refer to Lyu et al.
(2014a).
5.3.2 Spectral data
For the XMM-Newton observations we applied flag=0 to exclude the events at the
edge of the CCD and the ones close to a bad pixel to extract the spectra. We produced
the response matrices using the task rmfgen and the ancillary response files using the
command arfgen. For the latter we used the extended point spread function (PSF)
model to calculate the encircled energy correction. Since the whole CCD was illuminated
and contaminated by source photons, we extracted the background spectra from another
XMM-Newton observation of the black hole candidate GX 339-4 in timing mode (ObsID
0085680601), based on similar sky coordinates and column density along the line of sight.
For more details about the background extraction, please refer to Hiemstra et al. (2011)
and Sanna et al. (2013). We rebinned the source spectra so that we have a minimum of
25 counts per bin, and oversampled the energy resolution of the PN detector by a factor
of 3.
We used the heasoft tools version 6.14 for the RXTE data reduction following the
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Figure 1: Colour-colour diagram of 4U 1636–53. Each magenta point (grey in the
black and white version of this figure) represents the averaged Crab-normalised colours
(see Zhang et al. 2011, for details) of a single RXTE observation. In the legend we
indicate the observations used in this work. The position of the source in the diagram is
parameterised by the length of the blue solid curve Sa, the details of Sa curve is shown
in the §2.
recipes in the RXTE cook book. We applied the tool saextrct to generate the PCA
spectra from Standard-2 data using only events from the best-calibrated PCU2 detector.
We generated the background using the tool pcabackest and the response files using
pcarsp, respectively. We extracted the HEXTE spectra for cluster-B events only using
the script hxtlcurv, and produced the response files using the command hxtrsp.
For Obs 1-3, we fitted the spectrum of each segment from EPIC-PN, PCA and
HEXTE data simultaneously. For Obs 4, since the RXTE observation covered only
segment 1 to 3, we combined these three RXTE segments to generate RXTE spectra
for segment 4. Besides, we noticed that there was a moderately high background flare
in the XMM-Newton Obs 3, so we applied flare filtering to produce spectra of the total
observation. We did not apply flare filtering to spectra of the segments in this obser-
vation, otherwise we would have excluded the segment 3 since most exposure time of
this segment was covered by high background flare. Alternatively, we only selected PN
spectra below 5 keV for spectral analysis to remove the possible influence from the flare.
We first fitted the PN spectra in the 0.8− 10 keV, and the PCA and HEXTE spectra
in the range of 10 − 25 and 20 − 100 keV, respectively. We found that there were very
few source photons in the HEXTE spectra above 30 keV in Obs 3. The parameters in
the fits with HEXTE spectra up to 30 keV were exactly the same as in the fits with
HEXTE spectra up to 100 keV, and the corresponding reduced chi-square values were

























































Figure 2: Average power spectra of the four XMM-Newton observations of 4U 1636–53
(Obs 1 to 4 from top to bottom) in the 0.2− 5 keV range, calculated from the PN light
curve at 1-second resolution. A significant QPO at about 8−10 mHz and a weak second
harmonic are apparent in each observation.
much smaller. Therefore we decided to use the HEXTE spectra below 30 keV to fit the
segments in Obs 3.
For the reduction of all X-ray bursts detected by the PCA, we produced a spectrum
every 0.25 s during the whole duration of each X-ray burst. We generated the instrument
response matrix for each spectrum with the standard ftools routine pcarsp, and we
corrected each spectrum for dead time using the methods supplied by the RXTE team.
For each burst we extracted the spectrum of the persistent emission just before or after
the burst to use as background in our fits.
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Figure 3: Dynamic power spectra of the XMM-Newton observations of 4U 1636–53.
The purple dashed lines indicate the time of X-ray bursts in these observations. Each
column represents the power spectrum extracted from a time interval of 1130 seconds
with the starting time of each interval set to 565 s after the starting time of the previous
one. We oversampled the frequency scale by a factor of 100 using the Lomb-Scargle
periodogram to display the evolution of the mHz QPOs frequency. We fixed the count
rate during X-ray bursts and instrument dropouts to the average count rate. The colour
bars on the right indicate the power at each frequency as defined in the Lomb-Scargle
periodogram.
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Figure 4: Frequency evolution of the mHz QPO in the XMM-Newton observations of
4U 1636–53 (Obs 1 to 2 from left to right at the top; Obs 3 to 4 from left to right at the
bottom). Each symbol corresponds to the frequency derived from the fit of each 1130
s independent light curve using a constant plus a sine function. We divided the QPO
cycles in each observation into several segments according to the frequency of the QPO.
The time intervals within which the QPO showed similar frequency were assigned the
same segment number as indicated by the rectangles with segment number (S1-4) in each
observation. Since the lengths of the segments in Obs 4 are not multiple of 1130 s (see
Table 5.2 for details), here we round off the time span of each segment in Obs 4 to be a




In Figure 2 we show the average power spectra of the XMM-Newton observations. We
detected a strong QPO at about 8−10 mHz and a second harmonic component in each
observation. In Figure 3 it is apparent that the mHz QPO and its second harmonic
component disappeared right before an X-ray burst in all observations. The QPO in Obs
1 reappeared together with its second, and possible third, harmonics ∼ 21 ks later after
the burst, and in Obs 4 the QPO reappeared ∼25 ks after the previous burst. In Obs
1 and 3 the QPO appeared from the beginning of the observations, while in Obs 2 the
QPO appeared 16.4 ks after the start of the observation, and then lasted for ∼18.6 ks
until it became undetectable before an X-ray burst.
In Figure 4 we show the frequency of the QPO in the intervals of each XMM-Newton
observation. In Obs 1, the frequency decreased from ∼9.9 mHz to ∼ 8.5 mHz before the
burst, it reappeared at a frequency of ∼9.6 mHz, then it increased to ∼10.4 mHz and
returned back to 9.6 mHz at the end of the observation. The frequency in Obs 2 started
at ∼8 mHz, it increased to ∼9 mHz, and finally it decreased to below ∼7.6 mHz until an
X-ray burst happened. Interestingly, the frequency in Obs 3 seemed to move randomly
around ∼6.8 mHz before the burst. In Obs 4 the frequency decreased from ∼ 8.8 mHz to
∼ 6.5 mHz, then increased to ∼ 7 mHz before the burst, it reappeared at ∼9.7 mHz after
the burst, and then decreased to ∼9.1 mHz at the end of the observation. The average
frequency and rms amplitude of the QPO in each segment are shown in Table 5.2; we
found no clear correlation between the frequency and the rms amplitude.
5.4.2 Spectral results
We fitted the spectra using XSPEC 12.8.1 (Arnaud 1996) with a model consisting of two
thermal components and a Comptonised component (e.g., Sanna et al. 2013; Lyu et al.
2014b). We used the bbody component to fit the thermal emission from the neutron star
surface and its boundary layer. We described the thermal emission from the accretion
disc by the diskbb component (Mitsuda et al. 1984; Makishima et al. 1986). For the
Comptonised component we selected the model nthcomp (Zdziarski et al. 1996; Życki
et al. 1999) to describe the non-thermal emission from the inverse Compton scattering
process in the corona, with the seed photons coming from the disc (e.g., Sanna et al.
2013; Lyu et al. 2014a,b). We used the component phabs to account for the interstellar
absorption along the line of sight, selecting the solar abundance table of Wilms et al.
(2000) and the cross section table of Verner et al. (1996). We also used the component
gauss to account for the iron emission line around 6−7 keV in this source (e.g., Pandel
et al. 2008; Ng et al. 2010; Sanna et al. 2013; Lyu et al. 2014b). Additionally, we added
a multiplicative constant to the model to account for possible calibration differences
between the instruments. Finally, a 0.5% systematic error was added to the model.
For each observation, we assumed the column density, NH , in phabs in each segment
to be the same and fixed it to be the one in the full observation. We found that the
electron temperature, kTe in nthcomp, was not well constrained due to the limited
exposure time of each segment. To overcome this issue we fixed kTe in the segments
to the value derived from the fits of the corresponding total observation. We fixed the
normalisation of the diskbb component in the segments of Obs 2 to the value in the
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Figure 5: Average frequency of the mHz QPO vs. the temperature of the blackbody
component in 4U 1636−53. The results for Obs 1-4 are marked with black circles, red
stars, green squares and blue diamonds, respectively. Here we plot the standard deviation
of the average frequency in each segment as the error bar of the frequency. The error bar
of the temperature is at 68% confidence level. The black curve in the plot corresponds to
the best-fitting power-law model to the data when only the error bar of the temperature
is used during the fitting process.
total observation since this parameter in the segments could not be well constrained and
pegged at its lower boundary. We did not use the gauss component to fit the segments
in Obs 3 since the PN spectra above 5 keV was removed in order to reduce background
flare. The final fitting results of the total observations and the segments are shown in
Table 5.3 and 5.4.
We analysed the spectra of all X-ray bursts in 4U 1636−53 using xspec version 12.8.0
(Arnaud 1996), restricting the spectral fits to the energy range 3.0 − 20.0 keV. We fit-
ted the time-resolved spectra using a single-temperature blackbody model (bbodyrad
in xspec) times a component that accounts for the interstellar absorption towards the
source and fixing the hydrogen column density, NH, to 0.36 × 1022 cm−2 (Sanna et al.
2013). The spectral model provides two free parameters: the blackbody colour temper-
ature (Tbb) and the normalization, which is proportional to the square of the blackbody
radius of the emitting surface, and allows us to estimate the bolometric flux during the
burst. We then measured the burst fluence Eb by integrating the measured fluxes over
the burst interval. We used the characteristic timescale τ = Eb/fpeak, where fpeak is the
peak flux of the burst, to measure the duration of the bursts.
In Figure 5 we show the frequency of the mHz QPO vs. the temperature of the
blackbody component in the four observations. The frequency covers from ∼6 mHz
to ∼10 mHz, and the temperature, kTbb, ranges between ∼1.9 keV and ∼2.3 keV.
We first fitted these data with a constant model and got a reduced chi-square of 1.71































































3 bursts in Altamirano et al. (2008)
4 XMM/RXTE  bursts
Figure 6: Fluence (upper panel), peak flux (middle panel) and duration (bottom panel)
of all X-ray bursts in 4U 1636−53 detected with the RXTE satellite as a function of Sa
(position of the source in the colour-colour diagram; see §2 for more details). The black
crosses represent all 338 type-I X-ray bursts, while the blue squares and the red circles
represent the seven bursts associated with mHz QPOs in Altamirano et al. (2008) and
this work.
law index of 0.16±0.08 (1-σ error) with a reduced chi-square of 1.50 (χ2/dof=18.09/12;
for both fits we took into account only the errors in the temperature). The F-test prob-
ability for these two fits is 0.88, indicating that a power-law fit is not significant better
than a constant. Since Obs 3 was partly affected by solar flares (see §2.2), we also fitted
the data with a power-law model excluding the points coming from this observation. In
this case the power-law index is 0.01± 0.09.
In Figure 6, we show the properties of all X-ray bursts in 4U 1636−53 detected by
the RXTE satellite as a function of the parameter Sa. Among the ∼340 type I X-ray
bursts detected with RXTE from this source, seven were confirmed to be associated with
mHz QPOs: the three bursts reported in Altamirano et al. (2008) plus the four bursts
in the XMM-Newton/RXTE observations in this work. The Sa of those 7 bursts range
from 1.8 to 2.2, indicating that those bursts appeared around the transitional spectral
state. From the upper panel of the figure it is apparent that the fluence of those bursts is
relatively high, above 40×10−8 erg cm−2. The middle panel of the figure shows that the
peak flux of those 7 bursts is above 6 × 10−8 erg cm−2 s−1, which is much higher than
the average peak flux of all bursts in this source. In addition, as shown in the bottom
panel, those 7 bursts have relatively short durations.
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Table 5.3: Fitting results of the observations of 4U 1636−53. Here we give the total
unabsorbed flux from 0.5-100 keV in unit of erg cm−2 s−1.
Model Comp Parameter Obs1 Obs2 Obs3 Obs4
phabs NH(1022cm−2) 0.29±0.03 0.32±0.02 0.37±0.004 0.38±0.004
bbody kTBB(keV) 2.25±0.15 2.03±0.19 2.01±0.02 1.96±0.03
Nor (10−3) 4.19±0.36 3.32±0.91 5.20±0.13 5.28+0.15−0.47
diskbb kTdbb(keV ) 0.66±0.05 0.68±0.04 0.64±0.02 0.62±0.03
Nor 69+33−55 52+98−32 87+5−3 50+3−31
nthcomp Γ 2.52±0.16 2.31+0.28−0.16 2.38+0.01−0.08 2.49+0.2−0.02
kTe(keV) 9.8+4.9−2.9 3.7+0.9−0.4 4.2±0.1 4.7+2.6−0.4
Nor 0.31±0.09 0.40+0.06−0.19 0.42±0.005 0.42±0.03
gauss Eline(keV ) 6.4 +0.2−0 6.55±0.15 6.75±0.12 6.80±0.06
σ(keV ) 1.6+0.1−0.4 1.5±0.2 1.3+0.1−0.2 1.21±0.07
Nor (10−3) 5.5+1.3−2.2 6.2+2.4−1.8 4.0+0.2−0.7 4.1±0.6
χ2/dof 202/208 220/209 233/208 242/202
Total flux (10−10) 25.8±0.3 31.6±0.2 33.3+0.03−0.7 29.7+0.1−0.6
5.5 Discussion
We report three new detections of the mHz QPO in the neutron star LMXB 4U 1636–53
with XMM-Newton. The QPO in all observations in this work disappeared before an
type I X-ray burst. In the first and the fourth observation, the QPO reappeared at the
end of each observation after burst, showing a reappearance time of ∼ 21 ks and ∼25 ks,
respectively. The QPO in the second observation appeared ∼16 ks after the beginning
of the observation, and then lasted for ∼18.6 ks until it disappeared right before a X-ray
burst. We found no significant correlation between the frequency of the mHz QPO and
the temperature of the blackbody component in the XMM-Newton/RXTE observations.
Besides, we also found that there was a connection between the mHz QPO and type I
X-ray burst properties.
The mHz QPOs in the four observations in the transitional spectral state of 4U 1636–
53 all disappeared right before X-ray bursts, consistent with the conclusion in Altamirano
et al. (2008) that in the transitional state the mHz QPOs disappear only when an X-
ray burst happens. However, the frequency behaviour before the burst in Obs 3 was
different from the frequency drift observed in other observations in the transitional state
(Altamirano et al. 2008; Lyu et al. 2014a).
Altamirano et al. (2008) reported a time scale of >15 ks for mHz QPO to reappear
after the burst when the source was in the transitional state, and a reappearance time
of ∼ 6 ks when the source was in the soft state. Considering the two complete QPO
reappearance times in this work (∼ 21 ks in Obs 1 and ∼ 25 ks in Obs 4), it appears
that the reappearance time of mHz QPOs in the transitional state is longer than in the
soft state. If that is the case, this may indicate that either the X-ray bursts burn more
fuel or the fuel accumulation process after a burst is slower in the transitional state than
in the soft state.








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































96 chapter 5: Analysis of the mHz QPOs in 4U 1636–53
until a burst happens. According to the model of Keek et al. (2009), this frequency drift
is determined by the cooling process of the burning layer, so the frequency drift time
of 15 ks corresponds to the cooling timescale of the burning layer. Assuming a burning
process with standard reaction rates from Keek et al. (2014), we found that the thermal
cooling timescale of 15 ks corresponds to a column depth of 2× 109 g cm−2, which is an
order of magnitude higher than where the stable H/He burning takes place, therefore, it
is likely that the layer is heated by the X-ray burst before it cools down to trigger the
frequency drift of mHz QPOs.
According to Heger et al. (2007) (see their eq. 11), and assuming that the thickness
of the fuel layer remains more or less constant during the mHz QPOs cycle, the neutron-
star temperature (that we identify with the blackbody temperature in our fits) should
be proportional to (ν/m˙)−2, where ν is the frequency of the mHz QPO, and m˙ is the
mass accretion rate onto the neutron star. Assuming that the total unabsorbed flux
(F ) is proportional to mass accretion rate, we fitted kTBB vs. ν/F with a power law
relation and got a power law index of 0.11±0.05 (1-σ error) with a reduced chi-square
of 1.4 (χ2/dof=17.33/12). This number is significantly different from the index of −2
predicted by Heger et al. (2007).
The simulations of Keek et al. (2009) suggest that there should be a correlation be-
tween the frequency of the mHz QPO and the temperature of the blackbody component:
As the burning layer gradually cooles down, the frequency of the oscillations decreases
by tens of percents until an X-ray burst happens. To investigate how our observational
constraints on the power-law index compare to multi-zone simulations, we considered the
hydrogen-accreting models presented by Keek et al. (2014). We determine the power-law
index β for the different series of models where marginally stable burning was present by
using the oscillation period reported by Keek et al. (2014) and the time-averaged effective
surface temperature of the models. For most models β ' 0.13, whereas the simulations
with a decreased rate of the 15O (α, γ) 19Ne reaction yield β = 0.22. A study of pure-
helium burning models yields β ' 0.04 (Keek et al. 2009 for M˙ = 0.3 M˙Edd, without
rotationally induced mixing). Our observational constraint on β is consistent with these
values. Interestingly, the predicted change in β for the reduced 15O (α, γ) 19Ne rate is
similar to the 1σ uncertainty in our measurement. Future improved observations of mHz
QPOs hold a promise to constrain the uncertain nuclear reaction rates of CNO breakout
reactions (e.g., Davids et al. 2011) that have been shown to have a great effect on Type
I bursts as well as other burning processes (Fisker et al. 2006; Cooper & Narayan 2006;
Fisker et al. 2007; Parikh et al. 2008; Davids et al. 2011). Besides nuclear reaction rates
and accretion composition, the stability transition depends on a series of parameters that
have not been exhaustively studied, such as the base luminosity and rotationally induced
mixing (Keek et al. 2009), as well as the effective surface gravity (Heger et al. 2007).
Galloway et al. (2008) showed that the long bursts with slow rise and decay were
likely mixed H/He rich bursts, while fast bursts with shorter rise time were likely to burn
primarily Helium. Sugimoto et al. (1984) and Galloway et al. (2006) investigated the
distribution of peak fluxes of bursts in 4U 1636−53; these results show that some faint
photospheric radius expansion (PRE) bursts have relatively low peak fluxes. According
to their interpretation, during the expansion of the photosphere, a H-rich outer layer is
ejected, exposing the underlying helium layer below. For the normal PRE bursts, the
bursts reach the LEdd,He after the ejection of the outer H-rich layer, while the faint PRE
bursts have insufficient energy to drive off the H-rich layer, reaching only LEdd,H instead
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of LEdd,He. In this work, all seven PRE bursts associated with mHz QPOs are short,
bright and energetic, suggesting that they reach LEdd,He and hence belong to He-rich
bursts. Therefore, it is very likely that there is potential connection between the mHz
QPOs and the He-rich PRE bursts when the source is in the transitional state.
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6.1 Abstract
We investigated the convexity of all type I X-ray bursts with millihertz quasi-periodic oscillations
(mHz QPOs) in 4U 1636–53 using archival observations with the Rossi X-ray Timing Explorer.
We found that, at a 3.5σ confidence level, in all 39 cases in which the mHz QPOs disappeared
at the time of an X-ray burst, the convexity of the burst is positive. The convexity measures the
shape of the rising part of the burst light curve and, according to recent models, it is related to
the ignition site of bursts on the neutron-star surface. This finding suggests that in 4U 1636−53
these 39 bursts and the marginally-stable nuclear burning process responsible for the mHz QPOs
take place at the neutron-star equator. This scenario would explain the inconsistency between
the high accretion rate required for triggering mHz QPOs in theoretical models and the relatively
low accretion rate derived from observations.
6.2 Introduction
Nearly half of the accreting neutron stars in low-mass X-ray binaries show Type I X-
ray bursts (e.g., in’t Zand et al. 2004; Liu et al. 2007; Galloway et al. 2008). These
bursts are due to unstable thermonuclear burning of accumulated hydrogen and helium
on the surface of the neutron star (e.g., Fujimoto et al. 1981). In the last decade another
observational phenomenon connected to nuclear burning on the neutron-star surface has
been discovered. Revnivtsev et al. (2001) reported the first detection of quasi-periodic
oscillations (QPOs) in the millihertz (mHz) range in three neutron-star low-mass X-ray
binaries (NS LMXBs): 4U 1608–52, 4U 1636–53, and Aql X-1. Besides the low frequency
range between 7 and 9 mHz, the mHz QPOs show some unique properties compared to
other types of QPOs in NS LMXBs: The mHz QPOs happen only within a particular
luminosity range, L2−20 keV ' (5 − 11) × 1036 ergs s−1, and are stronger at low photon
energies (E < 5 keV) (Revnivtsev et al. 2001; Altamirano et al. 2008).
Altamirano et al. (2008) found that the frequency of the mHz QPO in 4U 1636–53
decreased systematically with time until the QPO became undetectable at the time of
a type I X-ray burst when the source was in the transition between hard and soft state
usually seen in these systems. Linares et al. (2010) found mHz QPOs in the neutron-star
transient IGR J17480–2446 in the globular cluster Terzan 5. These mHz QPOs showed
some different properties with respect to the ones in other sources: The QPO frequency
was relatively low, always below 4.5 mHz, and the persistent source luminosity at the
time the QPOs appeared was high, L2−50 keV ∼ 1038 erg s−1. Furthermore, Linares et al.
(2012) found a smooth evolution between X-ray bursts and mHz QPOs in IGR J17480–
2446 as the luminosity of the source changed during the outburst, which has never been
observed in other mHz QPO sources.
The above observational findings suggest a different origin of the mHz QPOs from
other kinds of QPOs (e.g., van Straaten et al. 2002, 2005; van der Klis 2006; Altamirano
et al. 2008) in NS LMXBs. Revnivtsev et al. (2001) speculated that a special mode
of nuclear burning on the neutron-star surface may be responsible for the mHz QPOs.
Heger et al. (2007) proposed that the mHz QPOs could be a consequence of marginally
stable nuclear burning of Helium on the neutron-star surface. The model of Heger et al.
(2007) is able to explain the characteristic time scale of ∼ 2 minutes of the mHz QPOs,
and predicts that the QPOs should occur only in a very narrow range of X-ray luminosity.
However, the accretion rate at which the mHz QPOs are predicted in the model is close
to the Eddington rate, up to one order of magnitude higher than the one implied by
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the X-ray luminosity at which mHz QPOs were observed. To bring the models and
observations into agreement, Heger et al. (2007) proposed that the local accretion rate
in the burning layer where the QPOs happen can be higher than the global accretion
rate. Keek et al. (2009) found that turbulent chemical mixing of the fuel, together with
a higher heat flux from the crust, can explain the observed accretion rate at which mHz
QPOs are seen. Furthermore, Altamirano et al. (2008) and Keek et al. (2009) suggested
that the cooling process of the layer where the mHz QPOs happen may be responsible
for the frequency drift of the QPOs before X-ray bursts. Keek et al. (2014) explored
the influence of the fuel composition and nuclear reaction rates on the mHz QPOs, and
concluded that no allowed variation in the composition and the reaction rate is able to
trigger the mHz QPOs at the observed accretion rates.
Lyu et al. (2015) investigated the relation between the frequency of the mHz QPOs
and the temperature of the neutron-star surface in 4U 1636–53 using XMM-Newton
and simultaneous RXTE observations, and they found that there was no significant
correlation, which is different from theoretical predictions. Besides, Lyu et al. (2015)
found that all seven X-ray bursts associated with mHz QPOs in this source were bright,
energetic and short, indicating a potential connection between the mHz QPOs and He-
rich X-ray bursts.
Maurer & Watts (2008) simulated the influence of ignition latitude, accretion rate and
neutron-star rotation on the shape of the rising phase of type I X-ray bursts. They found
that bursts that ignite at the equator always have positive convexity, whereas bursts that
ignite at high latitude have both positive and negative convexity. The convexity measures
the shape of the rising part of the burst light curve, and it is defined as the integrated
area of the burst light curve above (positive convexity) or below (negative convexity) a
straight line drawn from the start to the peak of the burst. Recently, Mahmoodifar &
Strohmayer (2015) further confirmed that the rising part of the light curve of bursts is
more concave when ignition starts near the pole compared to when it starts near the
equator. Thus, the convexity of an X-ray burst provides information about the ignition
site of unstable nuclear burning on the neutron-star surface. The fact that mHz QPOs
are closely related to type I X-ray bursts opens up the possibility to study the origin and
physics of marginally stable nuclear burning on the neutron-star surface, by investigating
mHz QPOs and type I X-ray bursts together. In this paper we focus on the possible
connection between mHz QPOs and the convexity of type I X-ray bursts to explore the
site on the neutron-star surface at which the marginally stable nuclear burning ignites.
6.3 Observations and data reduction
We analysed all available data of 4U 1636–53 from the Proportional Counter Array (PCA;
Jahoda et al. 2006) on board of the Rossi X-ray Timing Explorer (RXTE). An RXTE
observation typically covers 1 to 5 consecutive 90-minute satellite orbits. Usually, an
orbit contains between 1 and 5 ks of useful data separated by 1–4 ks data gaps; on rare
occasions the visibility windows were such that RXTE continuously observed the source
for up to ∼27 ks. This means that our datasets consist of continuous data segments of
lengths between 0.3 and 27 ks.
We used 1-s resolution event mode PCA light curves in the ∼ 2− 5 keV range (where
the mHz QPOs are the strongest, see Altamirano et al. 2008) and searched for periodici-
ties in each of the gap-free segments separately using Lomb-Scargle periodograms (Lomb
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1976; Scargle 1982; Press et al. 2002). In those cases where more than one Type I X-
ray burst was detected, we searched for mHz QPOs before, after and in-between bursts.
We only report those detections that are at least 3σ significant as estimated using the
method outlined in Press et al. (2002). When undetected, It is difficult to estimate a
general and/or meaningful upper limit on the fractional rms amplitude of the mHz QPOs
before an X-ray burst. The reasons could be many: data-gaps just before the burst, or
the segment before the burst is too short to detect the QPO significantly, or there is a
reduced number of PCUs during that observation. In the few cases without the above
problems, we estimated 3σ upper limits as low as 0.4% rms in the 2-5 keV range.
We investigated all X-ray bursts of 4U 1636–53 detected by the PCA/RXTE. For this
we produced 0.25-s light curve from the Standard-1/Event data and searched for X-ray
bursts in these light curves following the procedure described in Zhang et al. (2011). In
order to study the shape and time-scale of the bursts rise, we extracted the bursts light
curves from the PCA data with 0.125-s time resolution. To describe the shape of the
burst rising phase quantitatively, we used the convexity, C, parameter in our analysis
(Maurer & Watts 2008). The convexity describes the curvature of the light-curve rise,
and it quantifies whether the curve is convex (C > 0) or concave (C < 0). We used the
same method as in Maurer & Watts (2008) to calculate the convexity in the burst light
curve of the full PCA energy band; for more details of the calculation please refer to
Zhang et al. (2016). We also calculated the rising time of each burst, defined as the time
interval at the beginning of a burst during which the flux in the light curve is between
10% and 90% of the flux at the peak of the burst.
6.4 Results
We detected 168 cases of mHz QPOs and 371 X-ray bursts in the whole RXTE archive.
We excluded, and did not analyse further, those bursts that showed at least one of the
following characteristics: (i) The rising part, up to the peak, of the burst light curve was
incomplete, (ii) the burst light curve had multiple peaks, and the first peak was not the
highest, and (iii) the burst was very weak and hence the light curve was very noisy. We
further excluded the superburst in this source (Wijnands 2001). We were then left with
305 burst with a complete and smooth profile. We considered that a mHz QPO and an
X-ray burst are associated if, in an observation, there is a mHz QPO that ends at the
same time that an X-ray burst happens. In the rest of the paper we only considered
those cases in which the mHz QPOs are associated to an X-ray burst. We detected both
mHz QPOs and an associated type I X-ray bursts in 39 observations; the QPOs in these
observations always disappeared at the time when the associated X-ray burst appeared.
In Figure 1 we show the distribution of the convexity of all type I X-ray bursts and the
distribution of the convexity of those bursts that are associated with mHz QPOs in 4U
1636–53. The distribution of the convexity of all bursts is symmetric, with 252 and 53 of
them having, respectively, positive and negative convexity. The distribution can be well
fitted with a Gaussian function (R-square=0.976) with a mean convexity of 12.3 ± 1.2
(95% confidence level) and a standard deviation of 12.6±1.2. For the 39 bursts associated
with mHz QPOs, the convexities are always positive. We list the convexities of these 39
bursts in the Table 6.1. We found no case in our sample of a mHz QPO that is associated
with a burst with negative convexity. In a few observations there is a second burst a few
thousand seconds after the burst that is directly associated with the mHz QPO; in these
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cases we found that the convexity of the second burst can be either positive or negative.
The results shown in Figure 1 suggest that there is a relation between the presence
of the mHz QPOs and the convexity of the associated burst. In order to quantify this,
we calculated the probability, P39, of selecting 39 random bursts from the distribution
of the convexity of all bursts in 4U 1636–53 (see Figure 1), and getting only bursts
with positive convexity. Since the convexity can either be positive or negative, we can
estimate this probability from the binomial distribution, where the probability of success
(where success means C > 0) is P = 252/305 = 0.826. The probability is then P39
=0.82639=5.8×10−4.
We also used the distribution in Figure 1 to simulate 106 sets of 39 convexities, and
counted the number of trials, N+, in which all 39 convexities were positive. We found that
N+ =565, corresponding to a probability of 5.6×10−4, consistent with the calculation
above.
In Figure 2 we show the distribution of the rising time of all X-ray bursts in 4U 1636–
53. The rising time ranges from 0.4 s to 23 s and follows a bimodal distribution with
peaks at ∼1 s and ∼3 s, respectively. In Figure 3 we show the rising time vs. convexity
of all bursts (blue snow symbols) and those bursts with mHz QPOs (red stars). The
vertical line in this Figure is at a convexity of zero, while the horizontal line is at a rising
time equal to 2 s; the latter is approximately the value at which the distribution of rising
times in Figure 2 shows a local minimum. It is apparent that all bursts with mHz QPOs
are located on the lower right corner of this Figure: All bursts with mHz QPO have
positive convexity and, except for one case, they all have rising times shorter than 2 s.
From this Figure it is also apparent that not all bursts in that part of the diagram show
mHz QPOs.
6.5 Discussion
Using data from the full RXTE archive we found that all type I X-ray bursts associated
with the mHz QPOs (39 in total) in 4U 1636–53 have positive convexity. We did not
find a single case in our sample of an X-ray burst with negative convexity associated
to a mHz QPO. The probability that this happens only by chance is less than 6×10−4,
corresponding to a significance level of ∼ 3.5 σ.
Using numerical simulations of the propagation of a burning front on the neutron-star
surface, Maurer & Watts (2008) found that bursts that ignite at the equator always have
positive convexity, whereas bursts that ignite at high latitude have both positive and
negative convexity. Mahmoodifar & Strohmayer (2015) confirmed this result in their
simulations, and also found that the rising time of bursts that ignite at the equator is
short, whereas the rising time is both short or long for bursts that ignite at high latitudes
(see also Maurer & Watts 2008). In Table 6.2 we summarise the results of Maurer &
Watts (2008) and Mahmoodifar & Strohmayer (2015), statements 1a and 1b, together
with our own findings, statements 2a and 2b. The last row in that Table shows the
statements, 3, that follow logically from either the a or the b statements.
From Table 6.2 we can conclude that all the 39 bursts with positive convexity and
short rising time that are associated with mHz QPOs ignited at the neutron-star equator.
For, if bursts associated with mHz QPOs ignited anywhere on the neutron-star surface
(therefore these 39 bursts would correspond to cases of positive convexity and either
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Bursts with mHz QPOs
Figure 1: Distribution of the convexities of all X-ray bursts (blue line) and the bursts
with mHz QPOs (filled green bars) in 4U 1636–53. The red dashed line in the plot










Figure 2: Distribution of the rising time of X-ray bursts in 4U 1636–53. We used the
dashed-lines to show the two best-fitted gaussians to the histogram, and the sum of the
two Gauss components is shown as the black curve in the plot.
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Table 6.1: List of the convexities of the 39 bursts associated with mHz QPOs in 4U
1636–53. The convexity error here is at 1-σ significance level.
ObsId Star time of burst End time of burst Convexity Rising time (s)
10088-01-08-030 50448.73395 50448.73699 11.3 ± 1.1 1.4
30053-02-02-02 51044.48934 51044.48976 13.3 ± 1.2 1.4
40028-01-02-00 51236.36632 51236.36671 17.2 ± 1.6 1.0
40028-01-04-00 51297.07198 51297.07243 4.5 ± 1.5 0.9
40028-01-08-00 51347.98825 51347.98866 25.5 ± 1.5 1.4
40031-01-01-06 51350.79575 51350.79613 12.9 ± 1.2 1.6
40028-01-15-00 51710.21233 51710.21290 6.4 ± 2.1 0.6
40028-01-19-00 51768.98081 51768.98125 14.2 ± 1.6 1.1
40028-01-20-00 51820.98111 51820.98157 5.9 ± 1.3 1.0
50030-02-05-00 51942.10024 51942.10065 3.0 ±1.4 1.0
50030-02-09-000 52004.71326 52004.71366 8.4 ± 1.3 1.3
50030-02-10-00 52029.22818 52029.22864 10.9 ± 1.3 1.1
60032-01-02-00G 52075.13477 52075.13512 27.6 ± 2.8 0.5
60032-01-12-000 52182.61618 52182.61667 13.6 ± 1.5 0.9
60032-01-14-01 52214.31827 52214.31882 18.9 ± 1.4 1.3
60032-01-18-00G 52273.69081 52273.69130 15.4 ± 1.2 0.9
60032-01-20-000 52283.01851 52283.01896 23.0 ± 2.0 1.3
60032-01-20-01 52283.53362 52283.53417 27.7 ± 1.2 1.5
60032-05-01-00 52286.05404 52286.05451 2.6 ± 2.4 0.6
60032-05-02-00 52286.55466 52286.55519 17.6 ± 1.7 0.9
60032-05-04-00 52287.52190 52287.52233 9.2 ± 1.7 1.0
60032-05-06-00 52288.51431 52288.51476 27.0 ± 1.5 1.4
60032-05-07-00 52288.97438 52288.97489 6.2 ± 2.0 0.8
60032-05-07-01 52289.29282 52289.29320 15.4 ± 2.6 0.9
60032-05-09-00 52289.97694 52289.97737 17.2 ± 2.8 0.9
60032-05-18-00 52390.21340 52390.21392 23.9 ±1.2 2.5
60032-05-23-000 52646.77066 52646.77097 14.0 ± 0.8 0.9
91024-01-30-10 53688.95191 53688.95234 14.9 ±1.8 0.9
91152-05-02-00 53919.07399 53919.07437 18.8 ± 1.5 1.3
92023-01-29-10 54050.90204 54050.90238 22.8 ±3.5 0.5
92023-01-31-10 54054.24902 54054.24948 20.5 ±1.5 1.1
70036-01-02-010 54271.04381 54271.04432 13.8 ±0.8 1.1
70036-01-02-00 54272.09180 54272.09229 27.6 ± 2.9 0.6
93091-01-01-000 54371.71897 54371.71937 28.4 ±1.8 1.3
93087-01-24-10 54522.68638 54522.68680 21.7 ±1.7 1.1
93091-01-02-00 54523.57841 54523.57893 8.9 ± 2.2 0.8
93087-01-04-20 54678.26783 54678.26838 22.6 ±2.0 1.4
94310-01-01-00 54904.83290 54904.83362 22.5 ± 1.6 1.1
94310-01-03-000 55079.21966 55079.22008 31.0 ±1.7 1.0
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Figure 3: Rising time vs. convexity of X-ray bursts (blue snow symbols) and the bursts
with mHz QPOs (red stars) in 4U 1636–53. The vertical and horizontal line in the plot
corresponds to a convexity equal to 0 and a rising time equal to 2 s.
Table 6.2: Properties of X-ray bursts.
1. Results from simulations:
a. Low-latitude ignition =⇒ C > 0 (1,2)
High-latitude ignition =⇒ C > 0 or C < 0
...
b. Low-latitude ignition =⇒ Short rising time (1,2)
High-latitude ignition =⇒ Long/Short rising time
2. Results from observations:
a. mHz QPOs =⇒ C > 0 (3)
no mHz QPOs =⇒ C > 0 or C < 0
...
b. mHz QPOs =⇒ Short rising time (3)
no mHz QPOs =⇒ Short rising time or Long/Short rising time
3. The statements a or b are logically equivalent to:
mHz QPOs =⇒ Low-latitude ignition
no mHz QPOs =⇒ Low-/High-latitude ignition
References: (1) Maurer & Watts (2008); (2) Mahmoodifar & Strohmayer (2015); (3) This paper.
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low- or high-latitude ignition in the analysis of Maurer & Watts (2008)), we would have
expected to see also cases of mHz QPOs associated with bursts with negative convexity
in our sample. While in this scenario bursts with positive convexity but no associated
mHz QPO would have in principle ignited at high latitudes, some of them may also have
ignited at the equator if, for instance, those bursts happened at an accretion rate in which
marginally stable nuclear burning would not be at work (e.g., Heger et al. 2007). Also,
in some cases a QPO might be present just before an X-ray burst, but we are unable
to detect it either because we do not have enough data before a burst (e.g., if the data
segment before the burst was too short), or because the data are not of sufficient quality
to detect the QPO significantly (e.g., if some PCU detectors were not operating during
that observation).
The simplest scenario that follows from this is that the marginally-stable burning
(that produces the QPO) and the unstable burning (that produces the burst) take place
at the same physical location. There should still be enough fuel at the equator to trigger
a burst after the mHz QPOs if, similar to the case of unstable burning at high luminosity
(e.g., van Paradijs et al. 1988; Muno et al. 2000; Cornelisse et al. 2003; Heger et al.
2007), marginally-stable burning consumes only a fraction of the fuel on the surface of
the neutron star. We cannot discard, however, more complex scenarios in which the sites
of marginally-stable and unstable burning are physically disconnected, mHz QPOs and
bursts with positive convexity happen at any latitude, but some other mechanism ensure
that mHz QPOs and bursts with positive convexity are causally connected.
Fujimoto et al. (1981) proposed that the thermal stability and burst ignition of a
neutron star actually depends on the accretion rate per unit area, m˙, instead of the
global accretion rate. The quantity m˙ needs not to be the same everywhere on the
neutron-star surface (e.g., Fujimoto et al. 1981; Bildsten 1998). During accretion, the
infalling matter first reaches the equator and then spreads over the whole surface of the
neutron star, therefore m˙ will be higher at the equator than at high latitudes. If the
mHz QPOs happen at the equator, the local accretion rate per unit area, m˙, would also
be the key parameter that determines whether marginally stable nuclear burning on the
neutron-star surface takes place: when nuclear burning occurs around the equator, m˙ is
high enough to trigger the mHz QPOs, while there are no mHz QPOs when the nuclear
burning happens at high latitudes where m˙ is below the threshold value to trigger the
marginally-stable nuclear burning process. This picture is similar to the one proposed in
Heger et al. (2007) in which the accreted fuel that is responsible for the marginally-stable
nuclear burning is confined at a certain burning depth, where the local accretion rate
could be much higher than the global accretion rate. This scenario is able to bridge the
gap between the high accretion rate required for triggering the mHz QPOs in the models
and the relatively low accretion rate implied from observations.
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English Summary
In this Ph.D.thesis, I investigated the spectral and timing properties of neutron-star
low-mass X-ray binaries. I focused on two low-mass X-ray binaries (4U 1636−536 and 4U
1728−34), which show varieties of spectral and timing features. For these two sources,
we collected observations from the XMM-Newton, Suzaku and RXTE satellites. Using
spectral analysis, I could study in detail the radiation components from different parts
of the binary system. To investigate the origin of the mHz QPOs, I looked for the pos-
sible relations between the QPOs and the unstable nuclear burning on the neutron-star
surface. Below I summarize my main results, and discuss prospects for future projects.
Relation between the illuminating component and the reflec-
tion/iron line component
The X-ray spectrum of 4U 1636−536 shows that the flux of the iron emission line first
increases and then decreases as the flux of the Comptonised component increases.
This finding is inconsistent with the relation expected from the simple reflection sce-
nario: the flux of the iron line should always respond to the variation of the Comptonised
component since the accretion disc is illuminated and ionised by the Comptonised com-
ponent. The anti-correlation between the two fluxes that I found in this work suggests
that the real scenario is more complicated than the one proposed by the simple reflection
model. We found that the anti-correlation between the two fluxes can be well explained
by two mechanisms:
1. The accretion disc is highly or fully ionised. As the flux of the illuminating
component increases, the material in the disc would eventually become fully ionised,
leading to an absence of iron emission line. In this scenario, the central energy of the
iron line should gradually increase as the ionisation state of the disc increases since the
fraction of H-like iron ions relative to the He-like iron ions will increase. However, the
results in this work show no correlation between the line energy and the illuminating
flux. This may be due to the limitations of the iron emission line models or the fact that
we only fitted the iron line instead of the full reflection spectrum in this work.
2. There are light bending effects in the binary system. In this scenario, the observed
flux of the illuminating component depends strongly upon the height of the corona above
the disc. The observed flux of the direct emission can change by up to a factor of 20 as
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the height of the corona changes, while the reflected component, and hence the flux of
the iron line, is much less variable.
Reflection scenario in 4U 1728−34
The inclination angle of 4U 1728−34 is 33±2 degrees, and the thermal emission from
the accretion disc in this system is too weak to be detected.
The inclination angle describes the angle between the line of sight and the polar axis
of the accretion disc. The fitting results in this work show that the inclination angle of
this system is 33±2 degrees. This is the first time that this key parameter of the system
has been accurately measured. Besides, the energy spectrum of 4U 1728−34 is dominated
by the power-law component, while the soft thermal emission from the accretion disc is
not needed in the spectral analysis. The absence of the disc emission could be explained
by two mechanisms:
1. Most of the soft thermal emission from the accretion disc is reprocessed in the
corona, leading to a very weak direct disc emission observed by us.
2. The absorption due to the interstellar medium along the line of sight is high, as a
consequence, the number of soft disc photons that reach us is very small.
Spectral and timing analysis of mHz QPOs
There is no significant correlation between the mHz QPO frequency and the temper-
ature of the neutron-star surface.
MHz QPOs are proposed to be due to marginally-stable nuclear burning of Helium on
the surface of accreting neutron stars. Theoretical models suggest that the occurrence
and frequency of the mHz QPOs depend on the release of energy accumulated in the
crust into the layer in which the accreted material is burnt. In this work, I investigated
the frequency-temperature correlation in the mHz QPO cycle; the results show that there
is no significant correlation between the mHz QPOs frequency and the temperature of
the neutron-star surface, which is different from theoretical predictions.
Analysis of bursts indicates that all type I X-ray bursts associated with the mHz
QPOs have some common features: they are short, bright and energetic, which are the
characteristics of He-rich X-ray bursts. This finding suggests that there is a potential
connection between mHz QPOs and He-rich X-ray bursts.
Connection between mHz QPOs and type I X-ray bursts
All type I X-ray bursts associated with the mHz QPOs in 4U 1636−53 have positive
convexity and short rising time.
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The convexity measures the shape of the rising part of the burst light curve and,
according to recent models, it is related to the ignition site of bursts on the neutron-star
surface. We found that all type I X-ray bursts associated with the mHz QPOs (39 in
total) in 4U 1636−53 have positive convexity. We did not find a single case in our sample
of an X-ray burst with negative convexity associated to a mHz QPO. The probability
that this happens only by chance is less than 6×10−4, corresponding to a significance
level of ∼ 3.5 σ.
By comparing with the results from numerical simulations (see Table 6.2), we con-
cluded that all the 39 bursts with positive convexity and short rising time that are
associated with mHz QPOs ignited at the neutron-star equator. In the simplest sce-
nario, the marginally-stable burning (that produces the QPO) and the unstable burning
(that produces the burst) take place at the same physical location. So the marginally-
stable nuclear burning process responsible for the mHz QPOs also takes place at the
neutron-star equator.
During accretion, the in-falling matter first reaches the equator and then spreads over
the whole surface of the neutron star, therefore local accretion rate will be higher at the
equator than at high latitudes. If this is correct, we can bridge the gap between the high
accretion rate required for triggering the mHz QPOs in the models and the relatively low
accretion rate implied from observations: When the local accretion rate near the equator
is close to the Eddington rate, the marginally-stable nuclear burning happens; in the
meantime, the global accretion rate deduced from the observed luminosity is much lower
than the Eddington rate.
Future Prospects
Light bending
In Chapter 2 we found that the flux of the iron line first increases and then decreases
as the flux of the Comptonised component increases, which can be explained by either the
light bending model, if the height of the corona changes, or by changes in the ionisation
state of the accretion disc.
The light bending effect has already been confirmed in several narrow line Sefert
1 galaxies. Recently, Reis et al. (2013) found that, in the black-hole candidate XTE
J1650–500, the flux of the iron line initially remains constant and eventually decreases
as the total flux of the source above 7 keV increases. This result is consistent with the
prediction of the light bending model and hence makes XTE J1650–500 the first LMXBs
showing light bending effects.
Apart from the above two cases, no other possible light bending effect has been re-
ported in any LMXBs so far. Therefore, we are going to begin a project to search for
light bending effects in LMXBs. The detection of the light bending effect enables us to
further explore geometric properties of the system, for example, the height of the corona
from the central compact object should be less than 7 gravitational radii, otherwise the
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light bending effect is very weak. Furthermore, since the light bending effect is sensitive
to the properties of the central compact object, it provides us a new way to measure
the key parameters (mass and spin) of the central compact object in LMXBs. The final
goal of this project is to make a category of the light bending sources in LMXBs, which
maybe interesting and useful for further work involving the light bending effect.
MHz QPOs and X-ray bursts
In this thesis, I investigated the properties of the mHz QPOs and the connection
between the QPOs and type I X-ray bursts. For the future, we plan to keep digging
potential relations between the QPOs and the bursts in more detail, which can help us
to understand the physical processes of marginally-stable nuclear burning on the neutron-
star surface.
In Chapter 5 I showed that the seven type I X-ray bursts with mHz QPOs in that work
are all He-rich, and in Chapter 6 I have identified in total 39 bursts with QPOs. As the
next step, we are going to explore the properties (peak flux, duration and energy) of these
39 bursts to see whether they are all He-rich X-ray bursts. The chemical compositions
of the fuel for the associated bursts will be a good indicator of the fuel for marginally-
stable nuclear burning process, if we assume that the bursts and the QPOs occur at the
same place on the neutron-star surface. The understanding of the composition of the
fuel for the marginally-stable nuclear burning will help us to proceed the study of the
nuclear burning on the neutron-star surface. Besides, we also plan to search for possible
correlations between the observed mHz QPO properties (frequency and amplitude) and
the convexity or the rise time of the associated X-ray bursts. Since the QPOs and
associated X-ray bursts are closely related, there is likely some other correlations between
them. Last but not the least, we have a plan to search for new sources with mHz QPOs
using archive observations from several X-ray missions. So far mHz QPOs have been
discovered in only a few sources, it will be very meaningful if we can find more systems
with the QPOs.
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Röntgendubbelstersystemen bestaan uit een centraal compact object (een witte dw-
erg, een zwart gat of een neutronenster) en een begeleidende ster (een normale ster).
Het compacte object en de begeleidende ster draaien rondom een gemeenschappelijk
zwaartepunt. Onder bepaalde omstandigheden kan materie van de begeleidende ster
op het compacte object vallen. Dit proces wordt accretie genoemd. Röntgendubbel-
stersystemen zijn erg helder aan de hemel; ze halen hun energie uit de gravitationele
energie die vrijkomt bij het accretieproces. Accretie levert tenminste één orde van grote
meer energie op dan nucleaire reacties in normale sterren. Röntgendubbelstersystemen
kunnen worden ingedeeld in twee klassen afhankelijk van de massa van de begeleidende
ster: lage massa röntgendubbelstersystemen (LMXBs; Engelse afkorting) en hoge massa
röntgendubbelstersystemen (HMXBs; Engelse afkorting).
Een lage massa röntgendubbelstersysteem bevat normaalgesproken een begeleidende
ster met een massa minder dan 1 zonsmassa. De begeleidende ster kan een hoofdreeksster,
een witte dwerg of een rode dwerg zijn. De begeleidende ster transporteert zijn materie
naar het compacte object via een accretieschijf. Een hoge massa röntgendubbelster-
systeem heeft een zware (∼10 zonsmassa’s of meer) begeleidende ster, vaak een vroeg
type ster (een O- of B-type ster, of een blauwe superreus). In het algemeen wordt
materie in zulke systemen van de begeleidende ster naar het compacte object getrans-
porteerd via een stellaire wind. In LMXBs wordt materie van de buitenste lagen van
de begeleidende ster afgestript en valt het op het oppervlak van het compacte object
via sterke zwaartekracht. De invallende materie vult de volledige Roche-lob via het
eerste Langrangepunt. Gedurende dit proces neemt de invallende materie hoekmomen-
tun mee van de begeleidende ster, waardoor de materie zijn radiale beweging staakt.
Ondertussen blijft de materie in de tangentiele richting doorbewegen en vormt zo een
roterende accretieschijf. De wrijving en viscositeit tussen de verschillende lagen van de
accretieschijf transporteren het hoekmomentun naar buiten, terwijl de materie zich naar
binnen verplaatst. Volgens de Algemene Relativiteitstheorie wordt de binnenste stabiele
baan (ISCO; Engelse afkorting) gedefineerd door het punt waarop de zwaartekracht sterk
genoeg is om de materie naar het oppervlak van het compacte object te trekken. Hier-
door kan een accretieschijf het gehele gebied tussen de ISCO en het eerste Lagrangepunt
omvatten.
In deze scriptie presenteer ik de studie van neutronenster lage massa röntgendubbel-
stersystemen, waarbij ik me voornamelijk richt op de ijzer-emissielijn, de reflectiecompo-
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Figure 1: Artistieke impressie van een lage massa röntgendubbelstersysteem. Matter
wordt van de begeleidende ster (rechts) naar het compacte object (links) overgebracht
via een accretieschijf. Dit figuur is afkomstig van http://luiscalcada.scienceoffice.
org/illustration/binary-blackhole/.
nent en marginaal stabiele nucleaire verbranding op het oppervlak van de neutronenster.
In hoofdstuk 2 maak ik gebruik van vijf suzaku observaties en zes observaties met de
XMM-Newton telescoop om de evolutie van het continuum spectrum en de ijzer lijne-
missie in het neutronenster lage massa röntgendubbelstersysteem 4U 1636–53 over ver-
schillende spectrale toestanden te bestuderen. De XMM-NEWTON observaties worden
gecomplementeerd met gelijktijdige RXTE observaties. Ik heb ontdekt dat het contin-
uüm consistent is met het scenario van een afgekapte schijf. Bovendien bleek dat de flux
en equivalente breedte van de ijzer-lijn eerst toeneemt en vervolgens afneemt wanneer de
flux van de gecomptonizeerde component toeneemt. Dit kan veroorzaakt worden door
veranderingen in de ionisatietoestand van de accretieschijf of door effecten die het licht
van de emissie van het gecomptonizeerde component verbuigen als de hoogte waarop
deze component wordt geproduceerd veranderd in verschillende spectrale toestanden.
In hoofdstuk 3 onderzoek ik het neutronenster lage massa röntgendubbelstersysteem
4U 1728–34 doormiddel van een XMM-NEWTON observatie, een simultane RXTE ob-
servatie en een suzaku observatie. Om de spectra van de bron te fitten heb ik gebruik
gemaakt van een zelfconsistent model met twee reflectiecomponenten van de schijf afkom-
stig van het neutronenster oppervlak of van de corona. De resultaten tonen aan dat
huidige data niet goed genoeg is om een complex model als deze te veroorloven. Vervol-
gens heb ik deze twee reflectiecomponenten individueel gefit aan de spectra. Voor het
eerst is de inclinatiehoek van 4U 1728–34 nauwkeurig gemeten, 33±2 graden, met behulp
van de fits van de suzaku observaties. Daarnaast ontdekte ik dat de thermische emissie
van de accretieschijf niet benodigd is om de spectra te fitten. Dit zou een gevolg kunnen
zijn van de relatief sterke absorptie door het interstellaire medium, wat het aantal zachte
fotonen van de schijf dat wij observeren verlaagt. Het ontbreken van de emissie van de
schijf kan ook worden verklaard als de zachte thermische emissie van de accretieschijf
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opnieuw wordt verwerkt in de corona, waardoor de directe emissie van de schijf zwak is.
In hoofdstuk 4 beschrijf ik de eerste detectie van een mHz quasi-periodische oscillatie
(QPO) in het neutronenster lage massa röntgendubbelstersysteem 4U 1636–53, met be-
hulp van een XMM-NEWTON observatie. De mHz QPO verscheen aan het begin van
de observatie totdat een röntgenuitbarsting plaatsvond. Vervolgens verdween de QPO
voor ∼25 ks, maar kwam het daarna terug en bleef tot aan het einde van de observatie.
Ik heb spectra van segmenten met of zonder de QPO in deze observatie gefit en ontdekte
dat de temperatuur van het neutronenster oppervlak toeneemt van het QPO segment
naar het non-QPO segment en vice versa. Daarnaast vond ik een correlatie tussen de
frequentie van de mHz QPO en de temperatuur van een zwarte straler-component. Dit
is consistent met voorspellingen van modellen waarin de frequentie van de mHz QPOs
afhangt van de vrijgekomen energie in de brandende laag van de korst.
In hoofdstuk 5 richt ik me tot de spectrale- en timing-eigenschappen van de mHz
QPOs in het neutronenster lage massa röntgendubbelstersysteem 4U 1636–53, gebruik
makend van XMM-NEWTON en RXTE observaties. Ik ontdekte dat de mHz QPOs
in alle observaties significante variaties in frequentie vertoonden, welke altijd verdwenen
voor een type I röntgenuitbarsting. Ik observeerde voor het eerst de volledige levensduur
van een mHz QPO, ∼19 ks. De spectroscopie liet zien dat er geen significante correlatie
bestaat tussen de frequentie van de mHz QPO en de temperatuur van het zwarte straler-
component, wat afwijkt van theoretische voorspellingen. Daarnaast analyseerde ik alle
röntgenuitbarstingen in deze bron en vond dat alle type I röntgenuitbarstingen geasso-
cieerd met de mHz QPOs kort, helder en energetisch zijn, wat een mogelijk connectie
tussen mHz QPOs en heliumrijke röngenuitbarstingen aangeeft.
In hoofstuk 6 ga ik verder met de analyse van de type I röngenuitbarstingen geas-
socieerd met mHz QPOs in 4U 1636–53. Hiervoor maakte ik gebruik van observaties
uit het archief van de Rossi X-ray Timing Explorer. Ik richt mij tot de convexiteit van
uitbarstingen waarmee we de vorm van het toenemende deel van de lichtcurve van de
uitbarsting kunnen meten. Volgens recente modellen is dit bovendien gerelateerd aan
de locatie van ontbranding van de uitbarsting op het neutronenster oppervlak. Ik ont-
dekte dat alle type I röntgenuitbarstingen geassocieerd met de mHz QPOs (39 in totaal)
in 4U 1636–53 positieve convexiteit hebben binnen een 3.5 zekerheidsinterval. Ik vond
geen enkel geval van een röntgenuitbarsting met negatieve convexiteit geassocieerd met
een mHz QPO. Deze ontdekking geeft aan dat het marginaal instabiele nucleaire ver-
brandingsproces verantwoordelijk voor de mHz QPO plaatsvindt op de evenaar van de
neutronenster. Dit scenario zou de tegenstrijdigheid tussen de hoge accretiesnelheid, die
nodig is voor het aanzetten van de mHz QPOs in theoretische modellen, en de relatief
lage accretiesnelheid afgeleid van observaties kunnen verklaren.
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